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ABSTRACT
Thrombosis and thromboembolization remain a major impediment to the successful use of
cardiovascular devices, such as ventricular assist devices, arterial stents, and artificial heart
valves. Separated flow produced by these devices is known to be a major contributor to these
phenomena. In order to better characterize these effects, a computational fluid dynamics (CFD)
study is performed. First, an in vitro flow loop consisting of a backward-facing step is used to
generate an experimentally formed thrombus. Its geometry is captured using magnetic resonance
imaging, and CFD simulations are then performed with a reconstructed, computer rendering of
the thrombus. Two-dimensional studies at an average Reynolds number of 525 and a sinusoidal
velocity-inlet waveform are performed on the in vitro model’s geometry. Three-dimensional
simulations using a physiologic velocity-inlet waveform taken from a human iliac artery are
performed at an average Reynolds number of 1000, with and without the reconstructed thrombus,
to observe the flow and surfaces stresses. The frequency of the velocity-inlet waveform is varied
from 50 to 100 bpm to observe the effects of Strouhal number. From these simulations, wall
shear stress magnitudes are shown to increase with Strouhal number, with the 100 bpm case
producing values up to 53% higher than the 50 bpm case, approaching 35 dynes/cm2. Flow
instabilities are more pronounced in the 100 bpm case compared to the lower frequency cases,
with Taylor cells visible during periods of flow deceleration. From these results, predictions into
the likelihood of thrombosis and embolization are made, with larger thrombi being more likely in
the 50 bpm case than the higher frequency cases, due to the larger recirculation regions observed
past the step and the reduced wall washing. While significant embolization is not likely to occur
at the current flow conditions, at higher Reynolds numbers, the 100 bpm case is predicted to be
more susceptible, due to an increase in wall shear stress along the clot’s surface, with shear
stresses of 50 dyne/cm2 observed for a Reynolds number of 1000.

iv

TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................. vi
LIST OF TABLES ................................................................................................................... xvi
ACKNOWLEDGEMENTS ..................................................................................................... xvii
Chapter 1 INTRODUCTION .................................................................................................. 1
1.1 Clinical Need.............................................................................................................. 2
1.2 Coagulation Response ................................................................................................ 3
1.2.1 Platelets’ Contributions to Clotting ................................................................. 5
1.2.2 Blood Constituency ......................................................................................... 6
1.2.3 Blood-Material Interactions ............................................................................ 7
1.2.4 Thrombus Properties ....................................................................................... 8
1.2.4.1 Clot Composition and Stability ............................................................ 9
1.3 Previous Studies ......................................................................................................... 10
1.3.1 Backward-facing Step Flow Characterization ................................................. 10
1.3.2 Experimental Thrombus Formation ................................................................ 12
1.3.3 Thrombosis Modeling ..................................................................................... 13
1.3.4 Blood Rheology............................................................................................... 15
1.3.5 Thrombus Imaging .......................................................................................... 15
1.4 Proposed Work........................................................................................................... 18
Chapter 2 THEORY AND MODELING ................................................................................ 20
2.1 Fluid Mechanics ......................................................................................................... 20
2.2 Computational Fluid Dynamics ................................................................................. 22
2.3 Magnetic Resonance Imaging .................................................................................... 26
Chapter 3 METHODS............................................................................................................. 28
3.1 Experimental Methods ............................................................................................... 28
3.1.1 Design and Setup............................................................................................. 28
3.1.2 Loop Operation ............................................................................................... 30
3.1.3 Anticoagulant Studies ..................................................................................... 32
3.2 CFD Simulations ........................................................................................................ 33
3.2.1 Mesh Generation ............................................................................................. 33
3.2.2 OpenFOAM Simulations................................................................................. 37
3.2.2.1 Two-dimensional Studies ..................................................................... 37
3.2.2.2 Three-dimensional Simulations ............................................................ 39
3.2.2.3 Discretization Schemes ........................................................................ 41
Chapter 4 RESULTS AND DISCUSSION ............................................................................ 42
4.1 Validation and Verification ........................................................................................ 42
4.1.1 Experimental Validation ................................................................................. 42

v
4.1.2 Verification...................................................................................................... 44
4.1.2.1 Temporal Verification .......................................................................... 44
4.1.2.2 Spatial Verification............................................................................... 51
4.2 Two-dimensional Simulations ................................................................................... 55
4.3 Three-dimensional Simulations ................................................................................. 74
4.3.1 Backward-facing Step Studies......................................................................... 74
4.3.2 Simulations With Attached Thrombus ............................................................ 115
Chapter 5 CONCLUSION ...................................................................................................... 150
BIBLIOGRAPHY .................................................................................................................... 153

vi

LIST OF FIGURES
Figure 1-1: The coagulation cascade [36]. .............................................................................. 4
Figure 1-2: Contours of velocity for a backward-facing step. ................................................ 10
Figure 1-3: Fluorescent images of a growing thrombus in a damaged mouse arteriole
from [115]. ....................................................................................................................... 17
Figure 1-4: A three-dimensional reconstruction of a thrombus in a mouse arteriole using
confocal microscopy [97]................................................................................................. 18
Figure 3-1: Diagrams of the experimental backward-facing step model. A) shows the
cross-sectional view attachment of the two pieces separated at the step. B)
Dimensions of the physical model. .................................................................................. 29
Figure 3-2: Images of the experimental model. A) shows the adjoining faces of the
upstream and downstream pieces B) shows the connection of the upstream and
downstream pieces. .......................................................................................................... 29
Figure 3-3: Diagram of the assembled flow loop. .................................................................. 30
Figure 3-4: 3D reconstruction of the MRI images using Amira. ........................................... 32
Figure 3-5: Thrombus formed at 0.79 L/min and 22 µL CaCl2/mL blood concentration....... 33
Figure 3-6: A wireframe view of the surface reconstructed blood clot, constructed in
SolidWorks....................................................................................................................... 35
Figure 3-7: Grid distribution of the two-dimensional backward-facing step model. .............. 35
Figure 3-8: The grid distribution of the backward-facing step model taken in the axial
plane. ................................................................................................................................ 36
Figure 3-9: Grid distribution of the backward-facing step model taken in the transverse
plane. ................................................................................................................................ 36
Figure 3-10: The velocity inlet waveform for the 100 beats per minute case........................ 40
Figure 4-1: The normalized reattachment lengths of various Reynolds numbers of
current simulations compared with experimental data from [69]. ................................... 43
Figure 4-2: The locations chosen for comparing the wall shear stress and velocities for
CFD verification. ............................................................................................................. 45

vii
Figure 4-3: Wall shear stress distributions in the separation region past the step for five
flow cycles, sampled at time = 20% through the cycle. ................................................... 45
Figure 4-4: Wall shear stress distributions in the separation region past the step for five
flow cycles, sampled at time = 50% through the cycle. ................................................... 46
Figure 4-5: Wall shear stress distributions in the separation region past the step for five
flow cycles, sampled at time = 80% through the cycle. ................................................... 46
Figure 4-6: Wall shear stress distributions in the separation region past the step for five
flow cycles, sampled at time = 100% through the cycle. ................................................. 47
Figure 4-7: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 20% through the cycle. ............................... 48
Figure 4-8: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 50% through the cycle. ............................... 48
Figure 4-9: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 80% through the cycle. ............................... 49
Figure 4-10: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 100% through the cycle. ............................. 49
Figure 4-11: Wall shear stress distributions past the step along the centerline at the
beginning of the flow cycle. ............................................................................................. 51
Figure 4-12: Wall shear stress distributions past the step along the centerline at 20%
through the flow cycle...................................................................................................... 52
Figure 4-13: Wall shear stress distributions past the step along the centerline at 40%
through the flow cycle...................................................................................................... 52
Figure 4-14: Wall shear stress distributions past the step along the centerline at 60%
through the flow cycle...................................................................................................... 53
Figure 4-15: Axial velocity profiles along a vertical line at the center of the channel at
x/S = 2 at 80% through the cycle. .................................................................................... 54
Figure 4-16: Axial velocity profiles along a vertical line at the center of the channel at
x/S = 3.6 at the beginning of the flow cycle. ................................................................... 54
Figure 4-17: Axial velocity profiles along a vertical line at the center of the channel at
x/S = 7.6 at 20% through the cycle. ................................................................................. 55
Figure 4-18: Percentages of the sinusoidal flow cycle where data was extracted, taken
from the 100 bpm case. .................................................................................................... 56

viii
Figure 4-19: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 0%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 57
Figure 4-20: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 10%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 58
Figure 4-21: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 20%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 59
Figure 4-22: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 30%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 60
Figure 4-23: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 40%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 61
Figure 4-24: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 50%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 62
Figure 4-25: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 60%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 63
Figure 4-26: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 70%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 64
Figure 4-27: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 80%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 65
Figure 4-28: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 90%
through the cycle. The primary flow direction is from left to right, with the step in
the bottom left corner. ...................................................................................................... 66
Figure 4-29: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 0% through the cycle. .................................................................................... 68
Figure 4-30: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 10% through the cycle. .................................................................................. 68
Figure 4-31: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 20% through the cycle. .................................................................................. 69

ix
Figure 4-32: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 30% through the cycle. .................................................................................. 69
Figure 4-33: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 40% through the cycle. .................................................................................. 70
Figure 4-34: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 50% through the cycle. .................................................................................. 70
Figure 4-35: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 60% through the cycle. .................................................................................. 71
Figure 4-36: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 70% through the cycle. .................................................................................. 71
Figure 4-37: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 80% through the cycle. .................................................................................. 72
Figure 4-38: Wall shear stress distributions for the three, two-dimensional, sinusoidal
cases at t = 90% through the cycle. .................................................................................. 72
Figure 4-39: Reattachment length at 20 % through the flow cycle for the 50, 75, and 100
bpm cases. ........................................................................................................................ 73
Figure 4-40: Inlet velocity waveform for the 100 bpm case, where the sampled times are
marked in red and labeled with the percentage through the cycle. .................................. 75
Figure 4-41: The locations past the step where the shear stress values and velocities were
extracted for the simulations. The axial plane is indicated in red, the transverse
planes are indicated in blue, and the wall shear stress line is indicated in red and
located along the bottom of the centerline plane.............................................................. 76
Figure 4-42: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 0 % through the cycle. ........................................................................... 77
Figure 4-43: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 10 % through the cycle. ......................................................................... 78
Figure 4-44: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 20 % through the cycle. ......................................................................... 79
Figure 4-45: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 22 % through the cycle, at the point of maximum inlet velocity. ......... 80
Figure 4-46: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 30 % through the cycle. ......................................................................... 81
Figure 4-47 Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 40 % through the cycle. ......................................................................... 82

x
Figure 4-48: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 50 % through the cycle. ......................................................................... 83
Figure 4-49: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 60 % through the cycle. ......................................................................... 84
Figure 4-50: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 70 % through the cycle. ......................................................................... 85
Figure 4-51: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 74 % through the cycle, at the second peak of inlet velocity. ............... 86
Figure 4-52: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 80 % through the cycle. ......................................................................... 87
Figure 4-53: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases,
taken at time t = 90 % through the cycle. ......................................................................... 88
Figure 4-54: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 10 % through the cycle. ................... 89
Figure 4-55: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 22 % through the cycle, at
moment of peak inlet velocity. ......................................................................................... 90
Figure 4-56: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 40 % through the cycle. ................... 91
Figure 4-57: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 60 % through the cycle. ................... 92
Figure 4-58: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 74 % through the cycle, at the
second inlet velocity peak. ............................................................................................... 93
Figure 4-59: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 10 % through the cycle. ................... 94
Figure 4-60: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 22 % through the cycle, at
moment of peak inlet velocity. ......................................................................................... 95
Figure 4-61: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 40 % through the cycle. ................... 96
Figure 4-62: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 60 % through the cycle. ................... 97

xi
Figure 4-63: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100
bpm open, backward-facing step cases, at time t = 74 % through the cycle, at second
inlet velocity peak. ........................................................................................................... 98
Figure 4-64: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm open, backward-facing step cases, at time t = 10 % through the cycle. ............ 99
Figure 4-65: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm open, backward-facing step cases, at time t = 22 % through the cycle, at
moment of peak inlet velocity. ......................................................................................... 100
Figure 4-66: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm open, backward-facing step cases, at time t = 40 % through the cycle. ............ 101
Figure 4-67: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm open, backward-facing step cases, at time t = 60 % through the cycle. ............ 102
Figure 4-68: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm open, backward-facing step cases, at time t = 74 % through the cycle, at
second inlet velocity peak. ............................................................................................... 103
Figure 4-69: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 0 % through the cycle. ... 105
Figure 4-70: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 10 % through the
cycle. ................................................................................................................................ 106
Figure 4-71: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 20 % through the
cycle. ................................................................................................................................ 106
Figure 4-72: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 22 % through the
cycle, at point of maximum inlet velocity. ....................................................................... 107
Figure 4-73: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 30 % through the
cycle. ................................................................................................................................ 107
Figure 4-74: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 40 % through the
cycle. ................................................................................................................................ 108
Figure 4-75: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 50 % through the
cycle. ................................................................................................................................ 108

xii
Figure 4-76: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 60 % through the
cycle. ................................................................................................................................ 109
Figure 4-77: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 70 % through the
cycle. ................................................................................................................................ 109
Figure 4-78: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 74 % through the
cycle, at the second peak of inlet velocity. ....................................................................... 110
Figure 4-79: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 80 % through the
cycle. ................................................................................................................................ 110
Figure 4-80: Wall shear stress distributions 50, 75, and 100 bpm cases with axial
distance normalized by step height. Data taken from time t = 90 % through the
cycle. ................................................................................................................................ 111
Figure 4-81: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 0% through the cycle. ........ 112
Figure 4-82: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 10% through the cycle. ...... 112
Figure 4-83: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 20% through the cycle. ...... 112
Figure 4-84: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 22% through the cycle, at
maximum inlet velocity. .................................................................................................. 113
Figure 4-85: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 30% through the cycle. ...... 113
Figure 4-86: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 40% through the cycle. ...... 113
Figure 4-87: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 50% through the cycle. ...... 113
Figure 4-88: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 60% through the cycle. ...... 114
Figure 4-89: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 70% through the cycle. ...... 114

xiii
Figure 4-90: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 74% through the cycle, at
the second inlet velocity peak. ......................................................................................... 114
Figure 4-91: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 80% through the cycle. ...... 114
Figure 4-92: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along
the bottom surface downstream of the step, taken at time = 90% through the cycle. ...... 115
Figure 4-93: Locations of data extracted for the centerline and transverse velocity plots
taken from the 50, 75, and 100 bpm attached-thrombus cases. The centerline plane
is indicated in red, and the transverse planes are indicated in blue. ................................. 116
Figure 4-94: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 0% through the flow cycle. ....................... 117
Figure 4-95: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 10% through the flow cycle. ..................... 118
Figure 4-96: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 20% through the flow cycle. ..................... 119
Figure 4-97: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 22% through the flow cycle, at
maximum inlet velocity. .................................................................................................. 120
Figure 4-98: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 30% through the flow cycle. ..................... 121
Figure 4-99: Vector plots of velocity along in the region of the attached thrombus for the
50, 75, and 100 bpm cases, taken at time t = 40% through the flow cycle. ..................... 122
Figure 4-100: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 50% through the flow cycle. ............... 123
Figure 4-101: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 60% through the flow cycle. ............... 124
Figure 4-102: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 70% through the flow cycle. ............... 125
Figure 4-103: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 74% through the flow cycle, at the
second inlet velocity peak. ............................................................................................... 126
Figure 4-104: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 80% through the flow cycle. ............... 127

xiv
Figure 4-105: Vector plots of velocity along in the region of the attached thrombus for
the 50, 75, and 100 bpm cases, taken at time t = 90% through the flow cycle. ............... 128
Figure 4-106: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 10 % through the cycle. .......................... 129
Figure 4-107: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 22 % through the cycle, at moment of
peak inlet velocity. ........................................................................................................... 130
Figure 4-108: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 40 % through the cycle. .......................... 131
Figure 4-109: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 60 % through the cycle. .......................... 132
Figure 4-110: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 74 % through the cycle, at second inlet
velocity peak. ................................................................................................................... 133
Figure 4-111: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 10 % through the cycle. .......................... 134
Figure 4-112: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 22 % through the cycle, at moment of
peak inlet velocity. ........................................................................................................... 135
Figure 4-113: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 40 % through the cycle. .......................... 136
Figure 4-114: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 60 % through the cycle. .......................... 137
Figure 4-115: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 74 % through the cycle, at second inlet
velocity peak. ................................................................................................................... 138
Figure 4-116: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 10 % through the cycle. .......................... 139
Figure 4-117: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 22 % through the cycle, at peak inlet
velocity. ............................................................................................................................ 140
Figure 4-118: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 40 % through the cycle. .......................... 141
Figure 4-119: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 60 % through the cycle. .......................... 142

xv
Figure 4-120: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and
100 bpm attached-thrombus cases, at time t = 74 % through the cycle. .......................... 143
Figure 4-121: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 0% through the flow cycle. ................................................. 145
Figure 4-122: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 10% through the flow cycle. ............................................... 145
Figure 4-123: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 20% through the flow cycle. ............................................... 145
Figure 4-124: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 22% through the flow cycle, at maximum inlet velocity. ... 146
Figure 4-125: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 30% through the flow cycle. ............................................... 146
Figure 4-126: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 40% through the flow cycle. ............................................... 146
Figure 4-127: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 50% through the flow cycle. ............................................... 146
Figure 4-128: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 60% through the flow cycle. ............................................... 147
Figure 4-129: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 70% through the flow cycle. ............................................... 147
Figure 4-130: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 74% through the flow cycle, at the second inlet velocity
peak. ................................................................................................................................. 147
Figure 4-131: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 80% through the flow cycle. ............................................... 147
Figure 4-132: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100
bpm cases, taken at time t = 90% through the flow cycle. ............................................... 148

xvi

LIST OF TABLES
Table 2-1: A list of the discretization schemes chosen for the partial differential terms
encountered in the flow equations.................................................................................... 24
Table 3-1: A list of the two-dimensional simulations performed ........................................... 38
Table 3-2: A list of the three-dimensional simulations completed in this study. .................... 41
Table 3-3: A list of the discretization schemes chosen for the partial differential terms
encountered in the flow equations.................................................................................... 41
Table 4-1: Values of the normalized reattachment lengths and percent error with
experiment........................................................................................................................ 43
Table 4-2: Absolute time in seconds of the data sampling during a flow cycle for an
oscillation period of 0.8 s (75 bpm). ................................................................................ 44
Table 4-3: Average percent change of the sampled velocity profiles for consecutive flow
cycles at axial locations x/S = 2, 3.6, and 7.6 downstream of the step. ........................... 50

xvii

ACKNOWLEDGEMENTS
I would like to thank several people that have helped me greatly during my graduate
research. Without their knowledge and support, I could not have accomplished what I have.
First, I would like to thank my labmates Breigh Roszelle, Luke Herbertson, Varun
Reddy, Ning Yang, and Jason Nanna for all their assistance. They were always available to
answer my questions and provide any help I may have needed, research-related or otherwise.
James Dent, a summer researcher, also helped greatly in my research. The time he
invested to this project and his attention-to-detail are invaluable to me and I am very grateful for
his contributions.
Also, I would like to thank Dr. Thomas Neuberger of the High Field MRI Centre for his
integral role in the research performed in this study. His knowledge of magnetic resonance
imaging was solely responsible for the success of the experiments proposed, and I am extremely
grateful. Also, the extra hours he devoted to my projects are much appreciated.
I would like to thank a few people for their knowledge and assistance in computational
fluid dynamics, linux, and OpenFOAM (OpenCFD, Inc.). Dr. Eric Patterson, Ning Yang, Varun
Reddy, and Chuck Ritter were always available to answer any questions I had and my technical
understanding can be directly contributed to them.
Without the support of my friends and family, the time spent at The Pennsylvania State
University would not have been nearly as enjoyable. I appreciate their advice and emotional
support during the more stressful times.
Finally, I would like to thank my advisors, Dr. Keefe Manning, Dr. Richard Meyer, and
Dr. Steve Deutsch, who have been invaluable to me in both my technical and professional
growth. Always available to talk to, they provided me with the direction and resources to succeed

xviii
in my research. What they have done has made my graduate experience more rewarding and
worthwhile than I could have imagined.

1

Chapter 1

INTRODUCTION
Thrombosis is an area of great interest with respect to the development of biomedical
devices. Despite advancements in materials and device design, thrombosis and embolization are
still a significant concern when evaluating the efficacy of cardiovascular treatments. A better
understanding of the physical factors influencing these unwanted phenomena is needed. Hence,
the shear stresses and flow characteristics across an experimentally formed thrombus are
numerically studied in a backward-facing step flow domain. The characteristics of the separation
region have been shown to depend on the frequency of the flow [1]. Therefore, the period of
oscillation of the flow field is varied to study its influence on the flow characteristics and fluid
stresses of the domain, and ultimately, on how they relate to thrombosis and
thromboembolization. With a more robust knowledge of the interplay between thrombus
formation and fluid flow, cardiovascular devices with lower thrombotic risk can be designed.
The primary factors regulating thrombus formation must be well understood and
accounted for when conducting any study of thrombosis. The three primary stimuli that provide
roles in this mechanism, the material or vessel wall, the constituency of the blood, and the fluid
mechanics of the system, are collectively known as Virchow’s triad [2]. While this study focuses
on the fluid mechanics of thrombosis, all three factors must be considered, and so a review of
their influence is given.
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1.1 Clinical Need
A major impediment to the successful use of cardiovascular prosthetic devices is their
inherent propensity for thrombus formation, growth, and detachment, caused by complex flows
and blood-contacting, synthetic, biomaterials. Studies have shown there is a relationship between
flow and thrombosis, which can be affected by high shear rates, areas of stagnation or
recirculation, and turbulence [3]. Thrombus formation has been noted in areas of stagnation in
explanted heart valves [4] and near artificial materials as a result of turbulence [5]. Thrombus
formation and resulting thromboembolism have affected devices such as heart valves [6, 7],
arterial stents [8, 9], and ventricular assist devices (VADs) [10].
VADs can be used to treat patients suffering from congestive heart failure, which affects
a staggering percentage of the population in developed countries. One percent of adults in the
United States [11] experience congestive heart failure, contributing to over 250,000 deaths
annually [12]. Roughly 400,000 Americans are diagnosed with heart failure each year [13]
causing over 900,000 hospitalizations per year [14]. The reduction of thromboembolic events in
devices used in the treatment of heart failure would benefit millions of people. Historically,
about 20% of patients receiving a VAD suffer thromboembolic events [15], although this has
been reduced recently through the use of textured biomaterials [16, 17]. Asymptomatic cerebral
microemboli have also been found in 34 to 67% of VAD patients, using transcranial Doppler
examinations [18-20], demonstrating the persistence of thromboembolization under anticoagulation therapies.
Arterial stents are used to ease blood flow restrictions in diseases causing arterial
occlusion, such as atherosclerosis. Because of the properties of metal stents, their use is
complicated by thrombosis, initiated when blood interacts with the metallic surface [21-23].
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Areas of recirculation and stagnation also occur at the abrupt steps between the arterial wall and
the implanted stent, promoting thrombus formation [3].
Prosthetic heart valves (PHV) are used to replace damaged and diseased native valves.
While quite successful, PHVs are still prone to hemolysis, platelet activation and
thromboembolism. Patients must undergo anticoagulant drug therapies for the remainder of their
lives and are still at risk. Studies have reported that patients under anticoagulant treatment still
develop thromboembolic complications at a rate between 0.7 and 6.4% per patient per year [2427]. Also, chronic platelet activation is observed in these patients [28-31]. Transcranial Doppler
is used to detect micro-thromboemboli in patients with prosthetic heart valves through highintensity transient signals (HITS) [32]. Subsequent studies show the number of HITS vary
significantly according to valve type [33-35], which points to the flow conditions about the valves
as their cause. The PHV research shows the relationship between fluid mechanics and
thrombosis.

1.2 Coagulation Response
The body’s coagulation response is regulated by a mixture of plasma enzymes and blood
platelets suspended in the bloodstream in an effort to maintain hemostasis. Two pathways,
dictated by the initial insult, exist in an effort to prevent excessive bleeding. The extrinsic
pathway results from vessel wall rupture, resulting in a cascade of events to arrest the bleeding
while the body repairs the vascular damage [35]. Two events occur simultaneously to achieve
this result. Platelets in blood flowing by the damaged surface activate, releasing dense body
granules containing chemical agonists that further promote platelet activation. Activated platelets
then adhere to the damaged area and aggregate, forming a platelet plug. The extrinsic
coagulation pathway also becomes initiated upon endothelium damage, following an enzyme
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cascade that leads to the formation of a crosslinked fibrin matrix, forming the final blood clot.
When the blood is in contact with an artificial surface, the contact-activated pathway (formerly
intrinsic) is initiated, along with the platelet response. A diagram of the coagulation cascade is
shown in Fig. 1-1.

Figure 1-1: The coagulation cascade [36].

Free calcium ions in the blood also play an important role in blood coagulation. Certain
critical steps in the coagulation cascade are regulated by Ca2+, namely the conversion of
prothrombin to thrombin. Anticoagulants such as sodium citrate prevent coagulation by binding
to Ca2+ in the blood, reducing its concentration and preventing these steps from occurring.
For biomaterial-associated thrombosis which is typical for cardiovascular devices,
platelet activation and the contact-activated coagulation pathway are the relevant areas of study.
Greater detail regarding the coagulation cascade can be found in [35].
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1.2.1 Platelets’ Contributions to Clotting
Platelets are ellipsoidal cell fragments that are derived from megakaryocytes. They have
an average diameter of 2-4 microns and number approximately 100,000–200,000 per µL of blood
[37]. Thrombosis on biomaterials is initiated by the activation, aggregation, and adhesion of
platelets in contact with the surface. A more detailed review can be found in [38]. In normal
hemostasis, it is the role of platelets to be first responders to the damaged vessel wall, forming an
initial plug to prevent bleeding while a fibrin polymer matrix is formed from the coagulation
pathway. Platelets can become activated through chemical agonists (adenosine diphosphate,
thromboxane A2), biomaterial/reactive surfaces, and mechanical forces (fluid shear stresses).
Platelet activation due to shear stresses and reactive surfaces is the main concern in
cardiovascular devices with their high shear flows and nonbiologic, blood-contacting interfaces
[28]. Previous studies have shown physiologic shear stresses on the order of 10-50 dyne/cm2 in
arteries and 0-10 dyne/cm2 in veins will not induce activation [39]. Shear stresses much higher
than 50 dyne/cm2 are observed in flows resulting from cardiovascular grafts and from diseased
states such as atherosclerosis. Platelet activation for some of these flow conditions has been
simulated with the use of numerical models. David et al. [40] created a model for stagnation
point flow. Wootton et al. [41] formed a model for stenoses. Several analytical relationships for
platelet stimulation have also been developed, such as one by Boreda [42], where the platelet
stimulation function equals *t0.452, where  is the shear stress acting on the platelet and t is the
applied stress exposure time, showing a dependence on both the magnitude of the shear stresses
exerted on the platelets and their time of exposure.
Experimentally, shear-induced platelet activation has been measured in vitro primarily
using cone-plate and Couette viscometers [43]. These designs, useful for quantifying this method
of activation, produce known shear stresses on the liquid. Hellums et al. discovered a shear
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stress-exposure time dependence on platelet activation by studying platelets’ acid phosphatase
release in a cone-plate viscometer [44]. Acid phosphatase release increased linearly with time
from platelets exposed to a constant shear stress. Also, Shankaran et al. studied shear effects on
platelets in a cone-plate viscometer and observed a shear stress of 80 dyne/cm2 was necessary to
induce significant activation [45].

1.2.2 Blood Constituency
Changes in blood constituency can have a pronounced effect on blood’s propensity to
clot. The absence of specific clotting proteins because of genetic conditions can lead to
hemophilia and unstable thrombi in mice [46]. In addition to the concentration and structure of
clotting proteins in the blood, studies into the effects of red blood cells (RBCs) on hemostasis and
thrombosis have shown a correlation between RBC concentration on platelet recruitment, fibrin
growth, and thrombus formation. Empirical evidence to this effect has been observed in the
treatment of bleeding disorders in patients with severe anemia by transfusion of RBCs [47].
Turitto and Baumgartner proposed that higher platelet recruitment is due to RBCs in the fluid
promoting the transport of platelets to the exposed surface [48]. Due to the smaller size of
platelets in comparison to RBCs, they may be forced into the plasma skimming layer, increasing
surface contact and accelerating the coagulation response. Previous studies of cell-cell
interactions have suggested RBCs chemically respond to platelet activation. Born et al. proposed
that erythrocytes signal platelets by releasing adenosine diphosphate (ADP), a plateletaggregating nucleotide, on the exposed surface [49]. Supporters of the chemical response of
erythrocytes believe agonists in the granules released from activated platelets initiate a
prothrombotic response in RBCs [50]. The proposed cell-cell communication is supported by
studies showing an increased platelet release of cyclooxygenase and lipoxygenase metabolites,
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enzymes that increase the arachidonic acid pathway which leads to thromboxane A2 production, a
positive feedback step for increasing platelet activation. Additionally, extracellular free
arachidonate levels have also been shown to increase with hematocrit levels during in vitro
coagulation tests using collagen-coated surfaces [51]. It has also been proposed that these
chemicals are associated with an increased procoagulant activity of the erythrocyte by exposing
phosphatidylserine on its membrane [52]. One recent study has examined the exposure of Pselectin expression on platelets in platelet rich plasma (PRP) and whole blood, showing a positive
correlation between RBCs and platelet activation [53]. Typically, patients using cardiovascular
devices are under some anti-coagulant or anti-platelet therapies, yet, there is still a significant risk
of thrombosis. It is important to understand the blood-materials mediated response under these
conditions.

1.2.3 Blood-Material Interactions
In the body, the extrinsic coagulation pathway is attributed to blood clotting, with a Tissue
Factor/Factor VII complex formed from damaged vessel walls triggering an enzyme cascade
leading to a fibrin matrix clot. However, in biomaterials-initiated blood clotting, the contactactivated pathway is dominant with protein adsorption to the artificial material being the first
step. Factor XII then binds with this negatively-charged surface. Factor XII subsequently
activates Factor XI and the contact-activated coagulation cascade follows to the common pathway
and fibrin formation. For more detail of these mechanisms, see [37].
In order to reduce blood coagulation in artificial devices, the chemistry and three-dimensional
structures of the surfaces have been examined [54-56]. Because protein adsorption is the first
step in the contact-activated cascade, surface polarity/water wettability is a property of great
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interest [55, 57]. While proteins adsorb more readily to hydrophobic surfaces, coagulation is
much more pronounced on hydrophilic surfaces. This may be caused by less competition from
other plasma proteins, allowing clotting proteins access to the surface. The study of surface
structure has shifted views from the use of highly polished, smooth surfaces to surfaces with more
heterogeneity. Nanoscale craters have been shown to reduce platelet activation because of a
smaller surface area for platelet interaction [58]. Micron texturing has also shown great
improvement over polished surfaces because a stable, biological film grows on the surface, lining
the material and providing blood with a biological interface [59]. Other methods include coating
the surface with thromboresistive materials or anticoagulants. Altering the physical properties of
the surface by coating has shown promise. Pyrolytic carbon has been used with prosthetic heartvalve leaflets with great success [60].

1.2.4 Thrombus Properties
A clot is composed of a fibrin matrix and platelet plug with entrapped red blood cells, white
blood cells, and plasma. These clots are formed when some procoagulant stimulus (damaged
endothelium, stagnation, etc.) exceeds a threshold to initiate two simultaneous responses, the
coagulation cascade and the platelet response. The fibrin matrix which provides the support for
the blood clot is created when a series of enzyme reactions convert prothrombin into thrombin.
Thrombin cleaves fibrinogen to fibrin monomers which then polymerize and crosslink under the
presence of Factor XIIIa. Clots can be categorized, and color is a common method of clot
characterization, with white clots being platelet and fibrin rich and red clots being rich in
entrapped red blood cells. The pH and ionic strength at which clots are formed is another
indicator [61]. Fine fibrin clots are formed at relatively high pH (8.0 and above) and ionic
strength, while coarse fibrin clots are formed at lower pH (7.4 -7.5) and ionic strength (0.15).
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Coarse fibrin clots are seen in physiological situations because the pH in humans is around 7.4.
Clots exhibit viscoelastic properties which are highly dependent on their chemical properties and
three-dimensional structures, which themselves are highly dependent on the fibrin and platelet
concentrations in the clot, the blood’s hematocrit levels, the flow conditions, and the “age” of the
clot [62-65]. These factors must all be considered when analyzing the stability of formed
thrombi. The propensity for a clot to embolize based on its composition is difficult to study and
not well documented, especially in relation to cardiovascular devices.

1.2.4.1 Clot Composition and Stability
Thrombus composition and stability, or the likelihood of embolization, have been shown
to be affected by many factors, including the method of inducing the coagulation response,
genetic disorders that affect the presence of clotting proteins, anticoagulant/anti-platelet drug
therapies, and flow conditions. Lower clot stability has been seen in RBC-rich, red clots in
comparison to platelet-rich, white clots. Also, while not traditionally believed important in
physiological situations, the inhibition of the contact-activated pathway in mice has shown
reduced stability in formed thrombi [66]. Ni et al. have shown that plasma fibronectin promotes
thrombus growth and stability in injured arterioles [67]. Additionally, studies into the effects of
platelets on thrombus stability have shown that platelet receptors whose roles include aggregation
and adhesion have an effect on stability. Ni et al. [46] showed glycoprotein IIb/IIIa to directly
affect thrombus growth and stability, while P2Y12, a platelet ADP receptor, was shown to be
essential at stabilizing platelet aggregates [68].
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1.3 Previous Studies

1.3.1 Backward-facing Step Flow Characterization
Separation of flow over a backward-facing step has received extensive attention because
of its simple geometry and its application to engineering problems. Its appearance in
cardiovascular devices, as well as the flow characteristics it produces, makes it an ideal choice for
the current study. Armaly et al. [69] is widely considered to be the landmark paper in backwardfacing step flow, quantifying both experimentally and computationally the relationship of
Reynolds number on reattachment length under steady flow in a rectangular chamber. The paper
also identified the existence of multiple recirculation regions on both walls past the step in
addition to the primary region predicted by theory and flow visualization. A diagram of typical
velocity contours is shown in Fig. 1-2, below.

Figure 1-2: Contours of velocity for a backward-facing step.

Reynolds number thresholds for the onset of turbulence (Re > 1200) and threedimensionality (400 < Re < 6000) were determined experimentally by Armaly et al. and used in
future computational research as a justification for the choice of computational model and
domain. A more recent study by Biswas et al. provides extensive numerical results on the effects

11
of expansion ratios and Reynolds numbers on the length of the primary separation region in
steady, laminar flow [70].
Kaiktsis et al. [71] performed steady, three-dimensional direct numerical simulations
(DNS) in order to predict the onset of three-dimensionality shown in earlier studies and to
account for the discrepancies observed between experimental and numerical reattachment length
calculations. By perturbing the inlet flow conditions, a critical Re ≈ 700 was discovered for the
onset of periodically stable three-dimensional flows. Also, inlet perturbations at Reynolds
numbers greater than the critical Reynolds number provided large fluctuations in reattachment
length, showing that small perturbations in experimental inflow conditions, in addition to the
measured three-dimensional flows from previous research, accounted for the discrepancies in
reattachment length seen between experimental and numerical investigations.
Barkley et al. [72] further analyzed the critical Reynolds number for the onset of threedimensionality under steady flow, determining it to be 748. Additionally, they proposed
centrifugal instability as the primary mechanism for generating the secondary flows witnessed in
the separation region.
Gijsen et al. [73] performed an experimental and computational study of wall shear stress
values in the recirculation region of a backward-facing step under steady flow. The study showed
a Newtonian approximation of the viscosity model compared well to the results of a CarreauYasuda inelastic non-Newtonian model, however it overestimated the computed stresses in areas
of high shear rates.
Choi and Barakat numerically studied the effects of the wall shear stress and recirculation
length of Newtonian and shear-thinning Carreau fluids in a steady, backward-facing step of
Reynolds numbers up to 400 [74]. Their results showed a decrease in the size of the recirculation
region in the Carreau fluids and larger spatial gradients of shear stress when compared to
Newtonian fluids under steady flow. Unsteady flow conditions were also studied using a
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sinusoidal velocity inlet boundary condition and a peak upstream Reynolds number of 400, with
temporal gradients of shear stress in the recirculation region being significantly larger for Carreau
fluids than for Newtonian fluids.
Valencia and Hinojosa also studied the effects of pulsatility using a sinusoidal velocityinlet on the recirculation region of a two-dimensional backward-facing step with a maximum
upstream Reynolds number of 200 [75]. They observed a breakdown of the recirculation region
during the deceleration phase of the cycle, with the primary vortex attached to the tip of the step
filling the entire flow channel at the time of minimal inlet velocity.
This study builds on the previous research by further examining the three-dimensional
region of backward-facing step flow under conditions physiologically relevant to arterial blood
flow. A better understanding of the flow and stress fields produced under these conditions will
lead to a better understanding of thrombosis and thromboembolization in areas of flow separation
produced in cardiovascular devices.

1.3.2 Experimental Thrombus Formation
While experimental thrombi formed under static conditions in test tubes have shown poor
correlation both histologically and biochemically with in vivo observations [76], thrombi formed
under flowing blood have seen more success. The first experimental thrombus formed in vitro
under flow was by Chandler in 1958 [77] and is now known as the “Chandler loop.” The
Chandler loop consisted of a piece of tubing filled with blood and attached to itself at both ends to
form a circle. The loop was then placed on a tilted turntable and rotated at a constant rate.
Subsequent studies studied the adequacy of thrombi formed in this in vitro loop with in vivo
human thrombi and showed morphological and biochemical consistency [78, 79].
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Instead of the standard Chandler loop, a variety of other in vitro systems have also been
used to produce a thrombus under flow. Wagner and Hubbell used a thin, rectangular, collagencoated channel to study the effects of heparin on a growing thrombus [80]. Parallel plate flow
chambers have also been used to create experimental thrombi, with Giesen et al. studying the
effects of tissue factor on coagulation using collagen-coated glass as the procoagulant surface
[81]. Another study by Sakariassen et al. examined platelet-surface interactions in a similar
system [82]. Additionally, Dintenfass and Rozenberg studied velocity gradient effects on in vitro
blood coagulation using a cone-in-cone viscometer [83]. Under microscopy, they observed
white, platelet-rich clots were formed under high shear, while red, erythrocyte-filled clots were
formed under low shear.
The experimental results showing strong morphological and biochemical consistency
between thrombi formed in in vitro flow chambers and in vivo have provided substantial support
for the use of the in vitro system presented in this paper for the study of thrombosis under flow.

1.3.3 Thrombosis Modeling
Thrombus formation and embolization on a surface depends on the complex interactions of
protein adsorption and activation, platelet activation and adhesion, and thrombus growth and
detachment (in the case of embolization). Because of this, mathematical relationships have been
developed to model parts or all of these phenomena. Protein adsorption/desorption kinetics and
surface competition have been modeled by Bagnall [84] and Cuypers et al. [85]. Platelet
aggregation has been modeled by Nguyen and O’Rear [86]. Integration of the steps has been
performed by Schultz et al. [87], incorporating platelet adhesion and fibrinogen deposition.
Wilson et al. [88] added protein and platelet detachment and also considered hydrodynamic
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forces as factors in growth and embolization rates. Reynolds et al. [89] expanded on Wilson et
al.’s work by increasing the protein types considered from one to three, but removed the
hydrodynamic factors.
Past studies have also produced numerical results in the area of micro fluid dynamics and
cell-cell interactions. Initially, continuum models coupled with the Navier-Stokes equations were
used to study platelet aggregation and activation [90]. However, the continuum approach was not
sufficient to accurately predict platelet-blood interactions. The Immersed Boundary method
discarded the continuum assumption, modeling deformable elastic objects suspended in a fluid
[91]. Recently, other particle-particle interaction models were chosen over the macroscopic,
coupled Navier-Stokes equations for platelet interactions in microscopic flow. The Lattice
Boltzmann [92-94] and Dissipative Particle Dynamics [95] methods have provided good
correlation between experimental and computational results.
The use of computational fluid dynamics to analyze the local flow around a growing
thrombus has also recently received attention in the literature, although the geometries used were
very basic and idealized. Folie and McIntire [96] examined the stresses on a simplified twodimensional thrombus, modeled as both a semicircle and rectangle, at low particle Reynolds
numbers (0.003 – 0.064). Standing vortices were observed on both sides of the thrombus, which
contributed to its continued growth. The complex geometry and extended tail of a mural
thrombus seen experimentally [97] were not represented. More recently, Xu et al. have
developed a multi-scale mathematical model of thrombus growth for a parallel plate environment
at Reynolds numbers on the order of 1000 [98]. They have focused on the extrinsic pathway
mechanisms linking the sub-cellular, cellular, and macroscale; thus, including continuum and
non-continuum models.
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1.3.4 Blood Rheology
Blood is essentially a suspension of red blood cells (erythrocytes) in plasma. The
suspended red blood cells are mostly responsible for the increase in density and the viscoelastic
characteristics of blood. Since density is related to the concentration of red blood cells, or
hematocrit, it remains fairly constant in healthy adults. However, changes can be observed in
infants and pathologic conditions, such as anemia [99]. Blood’s viscoelasticity can be described
as shear-thinning, approaching a constant value at shear rates above 100 s-1 [100].
While many blood flow analyses treat blood as a Newtonian fluid, it is in fact a nonNewtonian, viscoelastic material. Models of blood have been created over the years, with the
simplified versions containing a shear-dependent viscosity, but ignoring elasticity and thixotropy.
A study by Zhang and Kuang examined how well several of these models agree with
experimental results [101], and found the Kuang-Luo [102] and Quemada [103] models provided
the best correlation. More comprehensive viscoelastic models have been introduced to overcome
the shortcomings of the simpler models.

Some of the earlier models were based on the

generalized Maxwell [104] and Oldroyd-B [105, 106] models. More recent contributions include
constitutive equations by Anand et al. [107] following the thermodynamic framework laid out by
Rajagopal and Srinivasa [108], and an extended Maxwell model including thixotropy by Fang
and Owens [109].

1.3.5 Thrombus Imaging
Because of the noninvasive nature of MRI, it lends itself well to analyzing blood clots.
While many studies focus on differentiating atherosclerotic lesions in arterial walls [110, 111],
more recent studies have focused on the thrombus formation caused by these pathologic
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conditions with good success. A retrospective analysis of patients suffering cerebral venous
thrombosis showed T2*-susceptibility-weighted MR imaging achieved a 90% sensitivity in
correctly identifying cerebral thrombi within three days of the thrombotic event [112]. Another
study, using an in vivo thrombus model in the rabbit aorta, also showed success in correctly
identifying thrombotic plaque rupture in 36 of 39 rabbit models [113]. A T2-weighted fast spinecho sequence was used to image aortic thrombi in their study. Additionally, a novel contrast
agent developed by Flacke and Fischer, consisting of fibrin-specific, paramagnetic nanoparticles,
was used in vivo to enhance thrombi contrast in T1-weighted scans [114]. Using a 4.5 T MRI
system, 500 µm fibrin clots were successfully detected and their physical structure outlined.
Intravital videomicroscopy techniques have also been used to study the effects of
platelets and blood coagulation factors in the thrombotic response to endothelial damage. Realtime data have been obtained in damaged mouse arteries/arterioles giving two-dimensional views
of the growing thrombi in an extrinsic pathway condition [115], as shown in Fig. 1-3.
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Figure 1-3: Fluorescent images of a growing thrombus in a damaged mouse arteriole from [115].
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Confocal microscopy, using fluorescent antibodies to mark the clotting factors of choice
(platelets, fibrin, and tissue factor/factor VII complex), has also been used to provide a threedimensional image of thrombi in a mouse arteriole [97]. An example is shown in Fig. 1-4.

Figure 1-4: A three-dimensional reconstruction of a thrombus in a mouse arteriole using confocal
microscopy [97].

1.4 Proposed Work
Advances in the understanding of thrombosis and platelet activation in response to
chemical and physical factors have helped to improve cardiovascular device design and to reduce
catastrophic thrombotic and thromboembolic complications. However, thrombosis-related events
still remain a major hurdle to the successful use of blood-contacting cardiovascular devices such
as heart valves, arterial stents, and ventricular assist devices. This study continues to look at
thrombosis from a fluid mechanical perspective, in an attempt to characterize the fluid stresses
and flow field along a thrombus in the separation region of a backward-facing step.
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Computational fluid dynamics simulations are performed on a three-dimensionally
reconstructed image of an experimentally-formed thrombus in a backward-facing step model.
The backward-facing step was chosen because of its geometric simplicity, flow separation region,
and relevance to cardiovascular devices and pathological conditions. The frequency dependence
of the flow field and shear stresses are examined by studying the system at different Strouhal
numbers, while maintaining an average Reynolds number shown to provide three-dimensional but
laminar flow conditions.
First, a review of the fluid mechanics, imaging, and computational modeling is provided,
describing the physics and mathematical relationships of the experiments and simulations in this
study. A full description of the experimental and computational procedures is then given. We
then provide an evaluation of the computations and discuss the flow phenomena observed in the
numerical simulations. Finally, we tie together the acquired results and discuss the conclusions of
this study.
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Chapter 2

THEORY AND MODELING

2.1 Fluid Mechanics
The study of blood flow in the human cardiovascular system is a challenging area in the
field of fluid dynamics. In order to model blood flow accurately, there are many variables and
parameters that must be considered. In fluid dynamics problems, the differential equations of
motion can be derived from Newton’s Second Law and the conservation of mass and energy. For
more detail of the subsequent derivations, see [116]. A brief review is provided here.
The continuity equation for fluid flow is derived from the law of conservation of mass.
Using an infinitesimally small control volume and the principle of mass balance, the differential
form of the continuity equation is as follows,
𝜕𝜌
𝜕𝑡

+ 𝒗 ∙ 𝛁𝜌 + 𝜌𝛁 ∙ 𝒗 = 0

(Continuity Equation)

(1)

where 𝛁 is the gradient operator, ρ is the density of the fluid, 𝒗 is the velocity vector, and 𝑡 is the
time variable.
The differential linear momentum equations account for fluid motion over the entire flow
domain. For any fluid, the linear momentum equation written for an infinitesimal control
volume, also known as Cauchy’s equation, is shown below,
𝜌

𝜕𝒗
+
𝜕𝑡

𝒗 ∙ 𝛁 𝒗 = 𝜌𝒈 + 𝛁 ∙ 𝛔ij

(Cauchy’s Equation)

(2)

where 𝒈 is the gravity vector and σij is the stress tensor. σij is a nine-component tensor containing
the viscous and pressure stresses exerted on the fluid. Constitutive equations are used to write the
components of σij in terms of the velocity and pressure fields. Doing this and making two critical
assumptions about the properties of the fluids,
1. The fluid is incompressible,
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2. The fluid’s shear stress is linearly proportional to its strain rate,
the Navier-Stokes equations for incompressible, Newtonian fluid flow are derived. These
equations along with the continuity equation are the basis of the numerical simulations in this
study. The general form of the incompressible, Newtonian Navier-Stokes (N-S) equations and
incompressible continuity equation are reproduced below.
𝜌

𝜕𝒗
𝜕𝑡

+ 𝒗 ∙ 𝛁𝒗 = −𝛁P + ρ𝒈 + 𝜇𝛁 2 𝒗

𝛁∙𝒗=0

(Incompressible, Newtonian N-S Equation) (3)
(Incompressible Continuity Equation)

(4)

Two fluid properties appear in the fluid mechanics equations above, density (ρ) and
viscosity (µ). When studying blood flow, these values are not straightforward, and further
discussion of blood’s viscoelastic behavior is in S1.3.4. For the current simulations, the viscosity
was approximated as Newtonian and set to a constant value. The value for the density of blood
was chosen to represent an adult with normal hematocrit (40%).
The Reynolds number (Re), a dimensionless parameter dependent on the fluid properties
and flow, provides a baseline prediction of the flow field’s behavior. In pipe flow, which is
analogous to arterial flow and essentially the geometry studied in this paper, the Reynolds
number is a useful predictor of flow instabilities and turbulence. As a general guideline, flow at
Reynolds numbers less than 2,000 remain laminar, flow at Reynolds numbers between 2,000 and
5,000 are transitional, and flow at Reynolds numbers greater than 5,000 are fully turbulent. The
equation for Reynolds number is
𝑅𝑒 =

𝜌 𝑣𝑎𝑣𝑒 𝐿
𝜇

(Reynolds Number)

(5)

where L is the characteristic length and 𝑣𝑎𝑣𝑒 is the average velocity.
For a cylindrical pipe, the characterstic length is the diameter. For an arbitrarily-shaped
chamber, the characteristic length is the hydraulic diameter, Dh, calculated from the equation
below,
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𝐷ℎ =

4𝐴𝑐
𝑝

(Hydraulic Diameter)

(6)

where Ac is the cross-sectional area and p is the wetted perimeter.
The Strouhal number (St) is a dimensionless number characterizing the frequency effects
in oscillatory flow. In separated flows, the Strouhal number can predict the type of flow field
observed [1]. Under high Strouhal numbers (~1), viscous forces are dominant, resulting in a
plug-like movement of the fluid along with the oscillations. For low Strouhal numbers (10-4), the
inertial forces dominate, giving quasi steady-state oscillating flow. At intermediate Strouhal
numbers (10-2), such as the case in this study, buildup and shedding of vortices in the separated
region are observed. The equation for the Strouhal number is
𝑆𝑡 =

𝑓𝐿
𝑣𝑎𝑣𝑒

(Strouhal Number)

(7)

where f is the frequency of the oscillation.

2.2 Computational Fluid Dynamics
Computational fluid dynamics (CFD) is a field of study for solving the partial differential
equations introduced previously by converting them into algebraic, discretized forms. CFD has
gained in popularity and usefulness as a research tool due mainly to the remarkable advancement
in digital processing power. Approaching a flow problem using CFD comprises three main steps:
pre-processing, solving, and post-processing. Pre-processing is defined as setting up the case in
preparation for running the simulations. Mesh generation is the first step and it is the breakdown
of the flow domain into discrete cells suitable for computation. In three-dimensional domains,
the cells represent finite volumes. The accuracy of any CFD solution is therefore highly
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dependent on the quality and cell density of the generated mesh. Because of this, grid
independence studies are often performed in order to choose a suitable mesh. They are carried
out by running identical CFD calculations on meshes of increasing cell densities and comparing
the differences in the pressure and flow fields between the meshes. Once a suitable mesh is
created, the discretization schemes, fluid properties, and other simulation parameters are set. The
case is then solved by iterating over the computational domain until differences in values between
cells (residuals) are negligibly small, to achieve convergence. Flow variables and mass balances
are also monitored to make sure they have achieved physically realizable states. Post-processing
is the extraction of useful data from the solved pressure and velocity fields through analysis and
visualization of the flow field parameters.
OpenFOAM 1.6 (OpenCFD, Ltd.) was chosen as the CFD software package for the
present simulations. OpenFOAM allows for a variety of different discretization schemes to be
used for the partial differential terms of the flow equations. Greater detail of the methods can be
found in [117]. For this study, the schemes were selected based on two main criteria: numerical
accuracy and ability to achieve convergence. The terms present in the flow equations and their
discretization schemes chosen are shown in Table 2-1.
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Table 2-1: A list of the discretization schemes chosen for the partial differential terms
encountered in the flow equations.
Term Description

Mathematical Expression

Discretization Scheme

First Time Derivative

𝜕𝜑
𝜕𝑡

Crank-Nicholson

Second Time Derivative

𝜕
𝜕𝜑
𝜌
𝜕𝑡
𝜕𝑡

Forward Euler

Gradient

∇𝑥

Gauss Linear

Convection

∇ ∙ 𝜑𝜗

Gauss Linear

Divergence

∇∙𝑥

Gauss Linear

Laplacian

∇2 𝜑

Gauss Linear

From the table above, the first time derivative is discretized using the Crank Nicholson
scheme. This scheme is an average of the forward Euler and backward Euler methods in time and
uses the trapezoidal rule in space. The method is second order accurate in time and is
unconditionally stable; however, it does not guarantee boundedness. The equations for temporal
and spatial discretization are below.

𝜕𝜌𝜑
𝜕𝑡 𝑃
𝑡+∆𝑡
𝜑
𝑡

=

𝜌 𝑃𝑛 𝜑 𝑃𝑛 −𝜌 𝑃𝑜 𝜑 𝑃𝑜
∆𝑡
1

𝑡 𝑑𝑡 = 2 𝜑𝑜 + 𝜑𝑛 ∆𝑡

𝑡+ ∆𝑡 ∗
𝐴 𝜑𝑑𝑡
𝑡

= 𝐴∗

𝜑𝑛 + 𝜑𝑜
2

∆𝑡

(Crank-Nicholson Time Derivative)

(8)

(Crank-Nicholson Temporal Integral)

(9)

(Crank-Nicholson Spatial Method)

(10)

The subscript P respresents the value of the variable at face p, A* is the spatial discretization of an
arbitrary spatial operator, A, and the superscripts n and o mark the current and previous time
steps, respectively.
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The second time derivative is integrated over a control volume and uses a variation on the
Euler method. It is first order accurate in time, and is

𝜕
𝜕𝜑
𝜌
𝜕𝑡 𝑉 𝜕𝑡

𝜌 𝑃 𝜑 𝑃 𝑉 𝑛 − 𝜌 𝑃 𝜑 𝑃 𝑉 𝑜 − 𝜌 𝑃 𝜑 𝑃 𝑉 𝑜𝑜
∆𝑡 2

𝑑𝑉 =

(Second Time Derivative Discretization)

(11)

where the superscript oo represents the time step prior to the last.
The gradient, convection, and divergence terms are discretized by integrating over a
control volume, and are linearized using Gauss’ Theorem. Their methods are

𝑉
𝑉

𝑉

∇𝜑𝑑𝑉 =

∇ ∙ (ρ𝐔φ)𝑑𝑉 =

∇ ∙ 𝜑𝑑𝑉 =

𝑆

𝑆

𝑆

𝑑𝑺 𝜑 =

𝑑𝑺 ∙ (𝜌𝑼𝜑) =

𝑑𝑺 ∙ 𝜑 =

𝑓 𝑺𝑓

𝑓 𝑺𝑓 𝜑𝑓

𝑓

𝑺𝑓 ∙ (𝜌𝑼)𝑓 𝜑𝑓 =

∙ 𝜑𝑓

𝑓

𝐹𝜑𝑓

(Gradient Discretization)

(12)

(Convection Discretization)

(13)

(Divergence Discretization)

(14)

Pressure-velocity coupling in the discretized form of the Navier-Stokes system is treated
using the PISO algorithm, originally proposed by Issa [118]. The PISO loop starts by segregating
the momentum and pressure equations to be solved in sequence. The momentum equation is
solved first using the pressure field from the previous time step. The pressure field is then solved
using the momentum predictor values. Explicit velocity corrections are then performed using the
pressure solution, and the sequence is looped until a specified tolerance is reached [119].
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2.3 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a noninvasive imaging technique that uses
protons’ quantum mechanical property of spin to gain information about the relative states of the
materials in which the protons reside. For more detailed information, see [120], but a brief
description is provided here.
Spin is an intrinsic property of almost all elementary particles and can be explained
classically as a particle rotating about its axis like a spinning top. Since protons have a non-zero
electric charge and are rotating, magnetic moments are generated, causing them to be affected by
external magnetic fields. In MRI, a large, constant magnetic field (B0) aligns the protons, and
smaller, pulsating transverse magnetic fields disturb the alignment of the protons, producing a
voltage, and thus, the ability to collect information. Image contrast can be obtained from the
differences in relaxation, the speed at which the protons return to their alignment with B0 after
being pulsed with RF coils. Relaxation times of protons are different for different tissues in the
body, such as fat, blood, organs, and tumors. There are two primary types of relaxation that can
be used to differentiate tissues. Longitudinal relaxation, or T1 relaxation, is the time it takes for
the proton to reorient itself with B0 after experiencing a radio frequency (RF) pulse. Transverse
relaxation, or T2/T2* relaxation, is the decay of phase coherence of the precession of protons at
their Larmor frequency about B0 after an RF pulse. Depending on the tissues being imaged and
the desired contrast, either T1 or T2/T2* weighted MRI sequences are used. For imaging blood
clots in flowing blood, T2* weighted images provide good contrast.
A variety of different MRI techniques have been developed to balance the time
requirements of MRI scanning with the resolution and relaxation-weighting desired from the
scan. Gradient echo sequences (GRE) manipulate the pulse sequences to achieve a lower
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repetition time (TR), and thus, reduce MRI scan time. By manipulating the TR, contrast based on
T2* relaxation time can be achieved. Because of this, 3D gradient echo imaging is a good solution
for imaging forming blood clots under flow and is used in this study.
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Chapter 3

METHODS
The experimental and numerical geometries use a cylindrical, backward-facing step
chosen for several reasons. The flow conditions formed by the separation over a backward-facing
step have been shown to promote thrombus formation. The flow stagnation and long residence
times encourage platelet attachment and clot growth. Additionally, conclusions drawn from this
relatively simple geometry can be extrapolated to more complicated cases of flow separation seen
clinically, for example in atherosclerosis and arterial stents.

3.1 Experimental Methods

3.1.1 Design and Setup
The backward-facing step experimental model consists of two pieces of acrylic flush
along their vertical faces at the site of the step with an O-ring and four plastic nuts and bolts
holding them together. A schematic of the model is shown in Fig. 3-1 and images of the model
are shown in Fig. 3-2.
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A)

B)

Figure 3-1: Diagrams of the experimental backward-facing step model. A) shows the crosssectional view attachment of the two pieces separated at the step. B) Dimensions of the physical
model.

A)

B)

Figure 3-2: Images of the experimental model. A) shows the adjoining faces of the upstream and
downstream pieces B) shows the connection of the upstream and downstream pieces.

The upstream piece consists of a partial cylindrical inner chamber 7.5 mm high. The
diameter of the cylinder is 10 mm, and the bottom 2.5 mm is left filled with acrylic. The
downstream piece contains a complete cylindrical inner chamber of diameter 10 mm. At the
connection of the two, the 2.5 mm acrylic-filled, upstream section (Fig. 3-1(A)) provided the
backward-facing step. In order to connect tubing to the model, 5/8” outer diameter cylindrical
ends were placed at the inlet and outlet. Tubing (5/8” inner diameter) was attached and fastened
with plastic hose clamps and extended approximately 1.5” past the ends of the model to leave
room for the attachment of connectors. Plastic tubing adapters (5/8” – 1/4”) were placed on the
ends of the 5/8" tubing, and twelve feet of 1/4” tubing was used to route the blood through the
loop. The length and diameter of the 1/4” tubing was chosen based on flow rate requirements and
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to minimize total loop volume, while providing enough distance for the pump to be safe from the
magnetic field of the MRI system. The total volume of the loop was approximately 350 mL. A
peristaltic pump (Masterflex, Cole-Parmer Instrument Company, Model No. 7520-40) was used
to circulate the blood through the chamber at a maximum flow rate of 1.50 L/min, providing a
maximum average upstream velocity of 0.4 m/s, determined from
𝑄 = 𝑣𝑎𝑣𝑒 𝐴𝑐

(Flow Rate – Velocity Relationship)

(15)

where Q is the flow rate, calculated experimentally by measuring the flow volume over the time
(Q = V/t), and Ac is the cross-sectional area of the upstream piece (63.19 mm2). A schematic of
the flow loop is shown in Fig. 3-3.

Figure 3-3: Diagram of the assembled flow loop.

3.1.2 Loop Operation
Bovine blood was collected from live cattle at the Pennsylvania State University's Dairy
Farm (IACUC #31075) from the jugular vein using a 16G needle. Four hundred fifty mL of
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blood was drawn each time and collected into a blood donor bag containing 63 mL of citrate
phosphate dextrose (CPDA-1) anticoagulant solution (1.66 g sodium citrate dehydrate USP).
Before running blood through the loop, phosphate buffered saline (PBS) was pumped
through the system for two minutes to rinse the blood contacting surfaces. Twenty-two µL of 6.0
mass % aqueous CaCl2 solution per mL of blood were added to reverse the anticoagulant and
reinitiate the clotting pathway. The amount of CaCl2 added to the blood was chosen based on
preliminary coagulation experiments described in the following section. Once the blood was
recalcified with the CaCl2 solution, it was pumped into the loop and the pump set to the desired
flow rate of 0.79 L/min (calibrated using the flow volume over time method), giving an average
upstream velocity of 0.2 m/s. The acrylic model was then placed into a 7T Siemens MRI scanner
and the loop was run for 1 hour. PBS was then slowly pumped into the loop to replace the
flowing blood and provide higher contrast between the thrombus and the fluid. The pump was
then shut off to reduce vibration and flow artifacts in the MRI scan, and a 3D gradient echo scan
of the clot was taken. The TE and TR were set to 351.82 ms and 25.00 ms, respectively. The
resolution of the images was 156.3 µm per pixel in all three directions. A 3D reconstruction of
the scan using Amira (Visage Imaging) is shown in Fig. 3-4.
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Figure 3-4: 3D reconstruction of the MRI images using Amira.

3.1.3 Anticoagulant Studies
Sodium citrate, the anticoagulant used in this study, prevents coagulation by binding to
free calcium ions in the blood. Ca2+ is a necessary component in certain steps of the coagulation
cascade, including converting prothrombin to thrombin [37]. By removing Ca2+ and blocking the
creation of thrombin, fibrin is not formed from fibrinogen, restricting the final stages of thrombus
formation. In order to reinitiate the cascade, Ca2+ ions are reintroduced by adding CaCl2(aq)
solution in an appropriate concentration to the citrated blood.
In order to determine the desired volume of CaCl2 to add, a series of experiments with
increasing levels of CaCl2 were conducted. For these experiments, a smaller amount of tubing
was used in the loop because the model did not need to be placed in an MRI scanner, and the
volume of the flow loop was reduced from 350 mL to 100 mL. Five µL, 10 µL, 20 µL, and 40
µL CaCl2 / mL blood (6.00 mass % CaCl2 in deionized water) cases were performed. The blood
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was run through the flow loop at 0.79 L/min for 45 minutes for each volume of CaCl2 and then
drained and examined for clotting in the step section. The cases with 5 µL and 10 µL volumes of
CaCl2 did not produce visible clotting. The 20 µL case produced clotting in the recirculation
region downstream of the step without much unwanted clotting in the tubing and connections of
the loop. The 40 µL case resulted in clotting throughout the entire system and a stoppage of
blood flow prior to the end time of 45 minutes. Cases at 18 and 22 µL CaCl2 / mL blood were
then performed at identical conditions to the previous runs. Clotting in the recirculation region
was more pronounced and consistent in the 22 µL case, and so this concentration was used in the
experimental blood studies. An image of a thrombus formed during these studies is shown in Fig.
3-5.

Figure 3-5: Thrombus formed at 0.79 L/min and 22 µL CaCl2/mL blood concentration.

3.2 CFD Simulations

3.2.1 Mesh Generation
Three geometries were used in the CFD simulations. The first was a two-dimensional,
backward-facing step with dimensions based on the experimental model. The inlet was 201 mm
long and 7.5 mm high. The step height was 2.5 mm, and the outlet was 10 mm high and 799 mm
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long. The outlet was extended to guarantee convergence with the pressure outlet boundary
condition used in the simulations.
The second mesh consisted of the three-dimensional, backward-facing step model used
in our experiments. The CAD model's dimensions are almost identical to the experimental
model’s dimensions, as shown in Fig. 3-3. The step height, radius, and inlet length match the
experimental model's dimensions of 2.5 mm, 5 mm, and 201 mm, respectively. The outlet was
extended to 249 mm in order to get better convergence with the pressure outlet boundary
condition used in the CFD simulations.
The third geometry consisted of the backward-facing step model with the imaged
thrombus added downstream of the step. To create a compatible 3D rendering of the clot,
multiple image processing packages and utilities were used. The MRI scans provided a sequence
of images oriented in the vertical direction, perpendicular to the model's axis. Differences in
brightness levels revealed four different objects in the images; the thrombus, the flowing blood,
the model, and the background. Using image processing packages in Matlab R2008a
(MathWorks, Inc.) and Amira, the clot was isolated and its brightness enhanced. The other
objects were adjusted to zero brightness. 3DDoctor (Able Software Corp.), an MRI and CT
image processing software package, was then used to reconstruct the series of images, based on
brightness level thresholds, into a 3D surface rendering of the clot composed of triangular surface
elements. In order for the data to be used with the meshing software, the surface rendering was
simplified by reducing the number of surface elements from around 200,000 to approximately
1000. The data were then exported as an .iges file. SolidWorks 2009 (Dassault Systèmes) was
used to analyze the model and repair any faulty connections between faces and vertices. A
wireframe image of the SolidWorks file of the clot is shown in Fig. 3-6.
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Figure 3-6: A wireframe view of the surface reconstructed blood clot, constructed in
SolidWorks.

GAMBIT 2.4.1 (ANSYS, Inc.) was used to mesh the three geometries. For the twodimensional geometry, a grid of 30,060 rectangular cells was created, with increased cell density
near the step. A cross-section of the mesh is shown in Fig. 3-7.

Figure 3-7: Grid distribution of the two-dimensional backward-facing step model.
The three-dimensional, backward-facing step model was meshed using a structured,
hexahedral meshing scheme with node spacing concentrated near the walls, the jet formed by the
sudden expansion, and the recirculation region downstream of the step. The mesh contains
501,290 hexahedral volume elements. Cross sections of the mesh are shown in Fig. 3-8 and Fig.
3-9.
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Figure 3-8: The grid distribution of the backward-facing step model taken in the axial plane.

Figure 3-9: Grid distribution of the backward-facing step model taken in the transverse plane.

To create the geometry with the attached thrombus, the SolidWorks rendering of the clot
was added to the existing backward-facing step model. By inserting the clot into the existing
model, only the volume adjacent to the clot needed to be remeshed. The other sections retained
the same spacing and cell density as in the open model. The random nature and triangular-based
reconstruction of the thrombus' surfaces forced an unstructured mesh of pyramidal and tetrahedral
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volume elements to be used. The final mesh consisted of 327,680 hexahedral, 558,497
tetrahedral, and 15,044 pyramidal volume elements, for a total count of 901,221 cells.

Additionally, two meshes of lesser and greater cell counts were created for the backwardfacing step model without the clot and were used to check for grid independence of the CFD
solutions. A coarse mesh of 131,900 hexahedral cells and a fine mesh of 1,459,620 hexahedral
cells were created. The consistency of the CFD solutions of the three models was compared in
S4.1.2 to check for independence of grid size on numerical solution.

3.2.2 OpenFOAM Simulations
OpenFOAM 1.6 (OpenCFD, Ltd.) was used for all CFD simulations. OpenFOAM is a
free, open-source, community-supported CFD package written in C++ and compatible with
Linux-based operating systems. Its open-source nature and universal programming language
make it ideal for research-based computational simulations such as the one presented in this
paper. The fluid parameters were held constant for all simulations. The density of blood was
1050 kg/m3, and its viscosity was assumed to be Newtonian with a value of 0.0034 kg/m·s.

3.2.2.1 Two-dimensional Studies
Steady and unsteady, incompressible, Newtonian simulations were run with the twodimensional mesh. For all cases, a no-slip boundary condition was used for the velocity field at
the walls. A zero-gradient boundary condition was used for the pressure field at the walls and
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inlet. At the outlet, a P = 0 atm uniform value boundary condition was used for pressure, and a
zero-gradient boundary condition was used for the velocity field. For the steady cases, a uniform
velocity boundary condition was used at the inlet face. Four velocity magnitudes were used,
0.432, 0.0863, 0.130, and 0.173 m/s, corresponding to inlet Reynolds numbers of 100, 200, 300,
and 400, respectively. These Reynolds numbers were chosen to test the numerical solutions
against experimental data from [69]. For the unsteady simulations, the sinusoidal velocity
waveform,
𝑣 = 0.2477 sin 𝑤𝑡 + 1

(Unsteady, Inlet Velocity (m/s))

(16)

was used. The equation is scaled to provide an average inlet velocity of 0.2477 m/s, matching the
three-dimensional simulations in the following section. Here, w is the angular frequency, and its
relationship to the frequency is:
𝑤 = 2𝜋𝑓

(Angular Frequency (rad/s))

(17)

Three different angular frequencies of 5.24, 7.85, and 10.5 rad/s were chosen, matching heart
rates of 50, 75, and 100 beats per minute. The solver settings were chosen to match those of the
three-dimensional simulations, detailed in the following section. A list of all two-dimensional
simulations is shown in Table 3-1.
Table 3-1: A list of the two-dimensional simulations performed
Inlet Velocity Condition (m/s)
Uniform
v (m/s)
0.0431
0.0863
0.130
0.173
Unsteady, Sinusoidal
w (rad/s)
5.25
7.85
10.5

Reynolds Number

Strouhal Number
N/A

100
200
300
400
575
0.252
0.0378
0.050
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3.2.2.2 Three-dimensional Simulations
A uniform, unsteady velocity boundary condition was used at the inlet of the domain, and
a pressure outlet boundary condition set to P0=0 atm was used at the exit. For the walls and clot’s
surface, no-slip boundary conditions were used for the velocity terms. Zero-gradient boundary
conditions were used for the walls and the inlet for the pressure field. A zero-gradient boundary
condition was also used for the velocity field at the exit. The uniform, unsteady velocity
waveform was taken from experimental flow measurements in a human iliac artery [121]. It was
then scaled to an average velocity of 0.2477 m/s over one period of the cycle. This average
velocity was chosen to provide both good agreement with the experimental setup and an average
Reynolds number in the throat region of 1000. A Reynolds number of 1000 was chosen to
achieve three-dimensional, unsteady flow with an average velocity similar to the experimental
setup, while remaining below the onset of turbulence. The Reynolds number was calculated from
the average velocity of the waveform and the upstream hydraulic diameter of 13.075 mm. The
hydraulic diameter was calculated from the upstream cross-sectional area (63.19 mm2) and the
relationship presented in S2.1, along with the fluid properties specified earlier. The inlet
waveform was then scaled in time to produce three unique cycle periods of 0.6, 0.8, and 1.2
seconds, corresponding to three different heart rates of 50, 75, and 100 beats per minute,
matching the frequencies of the two-dimensional studies. The Strouhal numbers for the three
waveforms are 0.044, 0.066, and 0.088, respectively. A plot of a sample velocity waveform for
the inlet is shown in Fig. 3-10.
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Figure 3-10: The velocity inlet waveform for the 100 beats per minute case.

IcoFoam, an incompressible, unsteady solver in OpenFOAM’s library, was used for the
simulations. In order to achieve stability in time, an option that monitors the Courant number
(Co) and automatically adjusts the time step appropriately was implemented. The Courant
number,
𝐶𝑜 =

𝑢∆𝑡
∆𝑥

(Courant Number)

(18)

must be kept under 1 for the time-marching schemes to converge, where u is the velocity in the x
direction, ∆𝑡 is the time step, and ∆𝑥 is the length between cells. Data were saved in 50 equally
spaced time intervals per flow cycle. To check for convergence in time, one case was run for 5
cycles, and flow variables were sampled and checked for cycle-cycle consistency. As shown in
S4.1.2.1, after the second cycle the solutions showed little change. Therefore, subsequent
simulations were run for three cycles, and data from the third cycle were considered converged
and collected. All three-dimensional simulations are summarized in Table 3-2.
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Table 3-2: A list of the three-dimensional simulations completed in this study.
Mesh Used

Frequency of Velocity
Inlet (beats/min)

Strouhal Number
(St)

Medium-grid Step
(501,290 cells)

50
75
100
50
75
100
100
100

0.044
0.066
0.088
0.044
0.066
0.088
0.088
0.088

Step with Attached
Thrombus (901,221 cells)
Coarse Grid Step
Fine Grid Step

Cycles Iterated
(Period of
Oscillation)
3
5
3
3
3
3
3
3

3.2.2.3 Discretization Schemes
The discretization schemes used in the simulations are discussed in S2.2, and are
summarized in Table 3-3. Identical schemes were used for all simulations.

Table 3-3: A list of the discretization schemes chosen for the partial differential terms
encountered in the flow equations.
Term Description

Mathematical Expression

Discretization Scheme

First Time Derivative

𝜕𝜑
𝜕𝑡

Crank-Nicholson

2nd Time Derivative

𝜕
𝜕𝜑
𝜌
𝜕𝑡
𝜕𝑡

Forward Euler

Gradient

∇𝑥

Gauss Linear

Convection

∇ ∙ 𝜑𝜗

Gauss Linear

Divergence

∇∙𝑥

Gauss Linear

Laplacian

∇2 𝜑

Gauss Linear
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Chapter 4

RESULTS AND DISCUSSION

4.1 Validation and Verification
In order to build trust in the results of computational studies, two techniques are typically
used. First, the numerical code is validated. As in Oberkampf et al. and Roy [122, 123], the
definition of validation used in the current study is the assessment of the accuracy of the
numerical solution by reproducing experimental or analytical data. The solution must be verified
both spatially and temporally. Spatial verification shows the solution is independent of the mesh
density of the grid and temporal verification checks that the solution has converged in time. The
following sections describe in detail the validation and verification methods performed in this
study.

4.1.1 Experimental Validation
The OpenFOAM solver used in the present study, icoFoam, has been validated against
analytical solutions by Yang [124]. In addition to the previous validations, the solver was
validated against the experimental results of Armaly et al. [69]. Armaly et al. studied backwardfacing step flow in a rectangular channel over a range of Reynolds numbers, as discussed in
S1.3.1. For Reynolds numbers less than 600, the flow remained two-dimensional, and the flow
reattachment lengths, normalized by step height (xR/S), were measured against Reynolds number
for Reynolds numbers from 100 - 400. Two-dimensional simulations using the grid discussed in
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S3.2.1 and the discretization schemes discussed in S2.2 and S3.2.2.3 were performed at these
Reynolds numbers and their values were compared against the experimental results of Armaly et
al., which are shown in Table 4-1 and Fig. 4-1.
Table 4-1: Values of the normalized reattachment lengths and percent error with experiment.
Reynolds Number
100
200
300
400

XR/S (Simulations)
3.12
5.11
6.86
8.47

XR/S (Experiment)
3.12
N/A
6.66
7.79

Percent Error (%)
0
N/A
3.00
8.73

9
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Exp. Results (Armaly et
al.)
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Figure 4-1: The normalized reattachment lengths of various Reynolds numbers of current
simulations compared with experimental data from [69].

The numerical and experimental results appear consistent, with the error remaining below
9% for the largest Reynolds number case. From Kaikstis et al.’s study showing discrepancies in
reattachment lengths between numerical and experimental results increasing with Re [71], the
increased percent error at Re of 400 is expected and in line with previous numerical studies [74].
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This agreement, along with the previous validation in [125], provides confidence the solver used
in the simulations will produce physically realizable and accurate results.

4.1.2 Verification

4.1.2.1 Temporal Verification
To determine whether the solution has converged in time, velocities and wall shear stress
values of five flow cycles of the three-dimensional, 75 bpm case were compared for consistency.
One flow cycle is the period of oscillation of the velocity-inlet waveform, so for the 75 bpm case,
each cycle has a period of 0.8 seconds. Data were taken from times 20%, 50%, 80%, and 100%
through the flow cycle. The absolute time values of the samples are shown in Table 4-2.

Table 4-2: Absolute time in seconds of the data sampling during a flow cycle for an oscillation
period of 0.8 s (75 bpm).
% Flow Cycle
20
50
80
100

1st Cycle
0.16 s
0.4 s
0.64 s
0.8 s

2nd Cycle
0.96 s
1.2 s
1.44 s
1.6 s

3rd Cycle
1.76 s
2s
2.24 s
2.4 s

4th Cycle
2.56 s
2.8 s
3.04 s
3.2 s

5th Cycle
3.36 s
3.6 s
3.84 s
4s

Wall shear stress data were collected in the axial direction in the center of the channel of
the separation region, past the step along the bottom wall. The exact locations where data were
compared are illustrated in Fig. 4-2.
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Figure 4-2: The locations chosen for comparing the wall shear stress and velocities for CFD
verification.

The shear stress values for the different flow cycles and times are shown in Figs. 4-3
through 4-6.
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Figure 4-3: Wall shear stress distributions in the separation region past the step for five flow
cycles, sampled at time = 20% through the cycle.
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Figure 4-4: Wall shear stress distributions in the separation region past the step for five flow
cycles, sampled at time = 50% through the cycle.
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Figure 4-5: Wall shear stress distributions in the separation region past the step for five flow
cycles, sampled at time = 80% through the cycle.
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Figure 4-6: Wall shear stress distributions in the separation region past the step for five flow
cycles, sampled at time = 100% through the cycle.

The percent change between the wall shear stress values of consecutive flow cycles is
shown in the figures below. Fig. 4-7 shows the percent change for 20% through a cycle, Fig. 4-8
for 50% through a cycle, Fig. 4-9 for 80% through a cycle, and Fig. 4-10 for 100% through a flow
cycle.
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Figure 4-7: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 20% through the cycle.
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Figure 4-8: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 50% through the cycle.
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Figure 4-9: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 80% through the cycle.
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Figure 4-10: The average percent change of the wall shear stress distributions between
consecutive flow cycles, sampled at time = 100% through the cycle.

Velocity profiles were also compared to check for temporal convergence. Axial
velocities were sampled along a vertical line in the center of the channel. Three different
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locations downstream of the step were sampled at x/S (axial length / step height) values of 2, 3.6
and 7.6. The exact locations sampled are shown in Fig. 4-2. The times sampled are identical to
the ones in the wall shear stress studies, and are shown in Table 4-2. The average change of the
velocity profiles at the sampled times and x/S values are shown in Table 4-3.

Table 4-3: Average percent change of the sampled velocity profiles for consecutive flow cycles
at axial locations x/S = 2, 3.6, and 7.6 downstream of the step.
x/S
2

3.6

7.6

% of Cycle
20
50
80
100
20
50
80
100
20
50
80
100

1st – 2nd Cycle(%)
6.204
4.673
5.750
1.247
32.316
24.882
6.290
2.121
7.276
37.422
15.445
2.466

2nd – 3rd Cycle(%)
0.0288
0.0172
0.0517
0.0029
0.0610
0.0597
0.0278
0.0034
0.0257
0.1032
0.0773
0.008

3rd – 4th Cycle(%)
0
0.0001
0.0003
0
0
0.0001
0.0001
0
0
0.0002
0.0001
0

4th – 5th Cycle(%)
0
0
0
0
0
0
0
0
0
0
0
0

As shown, the percent change of the wall shear stress and velocity profiles between
consecutive flow cycles approaches zero after three cycles. Therefore, data from the third cycle
are considered converged in time. Additionally, if turbulence had been present in the simulation,
fluctuations in the wall shear stress and velocity profiles would have been observed in the third,
fourth, and fifth cycles. Since the profiles converge identically, it provides numerical justification
that turbulence is not present in the simulation. Since all the simulations performed in this study
maintain the same flow conditions, barring frequency of oscillation, they are also assumed
converged in time at three cycles of their respective periods. Additionally, it is assumed
turbulence is not present in the simulations using the same justification. All subsequent
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simulations were iterated for three flow cycles, and data from the third cycle are used in the
following analyses.

4.1.2.2 Spatial Verification
Spatial verification was performed for the 100 bpm case to determine the accuracy of the
mesh used in the three-dimensional simulations. Three different grids were used as discussed in
S3.2.1; a coarse grid of 131,900 elements, a medium grid of 501,290 elements, and a fine grid of
1,459,620 elements. A comparison of the wall shear stresses in the recirculation region past the
step sampled through a time cycle is shown in Figs. 4-11 through 4-14.
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Figure 4-11: Wall shear stress distributions past the step along the centerline at the beginning of
the flow cycle.
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Figure 4-12: Wall shear stress distributions past the step along the centerline at 20% through the
flow cycle.
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Figure 4-13: Wall shear stress distributions past the step along the centerline at 40% through the
flow cycle.
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Figure 4-14: Wall shear stress distributions past the step along the centerline at 60% through the
flow cycle.

The wall shear stress distributions between the medium and fine grid show good
agreement, with the percent error between the two below 5% for much of the cycle and a
maximum time-averaged percent error of less than 20% (19.91%).
The axial velocity distributions along a vertical line in the center of the channel at x/S
values of 2, 3.6, and 7.6 at various times throughout the flow cycle are shown in Figs. 4-15
through 4-17.
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Figure 4-15: Axial velocity profiles along a vertical line at the center of the channel at x/S = 2 at
80% through the cycle.
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Figure 4-16: Axial velocity profiles along a vertical line at the center of the channel at x/S = 3.6
at the beginning of the flow cycle.
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Figure 4-17: Axial velocity profiles along a vertical line at the center of the channel at x/S = 7.6
at 20% through the cycle.

From the figures, the velocity profiles of the medium and fine grids show good
agreement, with the average percent error below 10% and the maximum time-averaged percent
error between the two below 20% (19.7%), located in regions with near-zero velocities. With
consideration of computational expense, we concluded the medium grid was the best choice for a
balance of accuracy and simulation time and it was used in the simulations of S4.3.1.

4.2 Two-dimensional Simulations
Two-dimensional backward-facing step studies were performed using the grid and
methods described previously in S3.2.1 and S3.2.2.1, along with the discretization schemes
discussed in S2.2. Three frequencies of the sinusoidal inlet-velocity waveform were used, as
shown in Table 3-1, and the velocity fields and wall shear stress distributions in the separation
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region past the step were compared. Data from the simulations were extracted for every ten
percent of the inlet-velocity waveform’s period and are labeled for reference in Fig. 4-18.

Figure 4-18: Percentages of the sinusoidal flow cycle where data was extracted, taken from the
100 bpm case.

Figs. 4-19 through 4-28 show a comparison of the velocity vectors of the 50, 75, and 100
bpm cases in the region downstream of the step.
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Figure 4-19: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 0% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-20: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 10% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-21: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 20% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-22: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 30% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-23: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 40% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-24: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 50% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-25: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 60% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-26: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 70% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-27: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 80% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.
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Figure 4-28: Vector plots of velocity of the 50, 75, and 100 bpm cases for time t = 90% through
the cycle. The primary flow direction is from left to right, with the step in the bottom left corner.

The effects of an oscillating, inlet-velocity waveform are apparent in the vector plots.
During flow acceleration in the early stages of the cycle (0 – 20%, Figs. 4-19 through 4-21), the
velocity field remains stable, with one recirculation region past the step along the bottom wall and
very little flow in the vertical direction. From Fig. 4-21, the peak velocity in the bulk flow
reaches 0.6 m/s, over twice the average inlet velocity of 0.2477 m/s. As the inlet velocity
decreases from the maximum in the intermediate stages of the cycle (30 – 50%, Figs. 4-22
through 4-24), a second recirculation region forms along the upper wall, and the bulk flow
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experiences more vertical motion. From Fig. 4-24, at 50% through the cycle, the bulk flow’s
peak velocity decreases to 0.45 m/s. During the late stages of the cycle (60 – 90%, Figs. 4-25
through 4-28), when the inlet velocity reaches a minimum, vortical structures form throughout the
entire channel, creating multiple recirculation zones resembling Taylor cells (counter-rotating
toroidal vortices). The decelerating flow drives the production of the vortices, and they are most
pronounced at the time of minimum inlet velocity (80%, Fig. 4-27). The strongest vortices during
this period contain peak velocities of 0.25 m/s.
The effect of frequency on the flow is visible throughout all phases of the cycle. Shorter
recirculation regions during the acceleration phase are observed as the frequency is increased.
During the intermediate stages, higher velocities are observed in the recirculation zones. When
the entire channel becomes engulfed in Taylor cells, the vortices in the highest frequency case are
more pronounced and contain higher velocities than the lower frequency cases. From these
results, we observe frequency to contribute to the stability of the separated flow, with an increase
in frequency acting to destabilize it.
Wall shear stress plots of the three cases are given in Figs. 4-29 through 4-38. The wall
shear stress was taken along the bottom wall, starting at the step (x/S = 0) and ending at x/S = 40.
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Figure 4-29: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
0% through the cycle.
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Figure 4-30: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
10% through the cycle.
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Figure 4-31: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
20% through the cycle.
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Figure 4-32: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
30% through the cycle.
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Figure 4-33: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
40% through the cycle.
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Figure 4-34: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
50% through the cycle.
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Figure 4-35: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
60% through the cycle.
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Figure 4-36: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
70% through the cycle.
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Figure 4-37: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
80% through the cycle.
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Figure 4-38: Wall shear stress distributions for the three, two-dimensional, sinusoidal cases at t =
90% through the cycle.

The frequency has a clear effect on the magnitude and distribution of the wall shear stress
in the flow region past the step. The highest frequency case, 100 bpm, produces a 15% higher
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wall shear stress magnitude (38 dynes/cm2) than the next highest frequency, 75 bpm (33
dynes/cm2), and over 70% higher wall shear stress than the lowest frequency case, 50 bpm (22
dynes/cm2). These values are taken from Fig. 4-36, at 70% through the cycle, where the shear
stress magnitudes are the greatest, occurring during minimum inlet velocity. Additionally, the
spatial distribution of wall shear stress is compacted as the frequency increases, creating larger
spatial gradients and, consequently, shorter recirculation lengths. In Figs. 4-21 and 4-31, at 20%
through the cycle, the reattachment length of the 100 bpm case is over 25% shorter than the 75
bpm case, and it is over 35% shorter than the 50 bpm case. A plot of the reattachment length for
the three cases at 20% through the cycle is given in Fig. 4-39.
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Figure 4-39: Reattachment length at 20 % through the flow cycle for the 50, 75, and 100 bpm
cases.

From the data, we conclude the highest frequency case produces a shorter reattachment
length with greater stress and higher spatial gradients of stress for the separation region. Because
the volume of stagnant and recirculating fluid is reduced in the 100 bpm case, clots that do form
are expected to be smaller in size, since the region susceptible to thrombosis is reduced. Also, the
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100 bpm case can be expected to be less susceptible to thrombus formation, due to the more
pronounced wall washing in the vulnerable region, keeping blood cells related to clotting (Factor
XII, platelets) from adhering to the surface. However, according to [126], stress magnitudes at
the current conditions are only capable of washing around 30% of adhered platelets in the 100
bpm case and 20% in the 50 bpm case. Therefore, we predict this effect will be more noticeable
at higher flow rates than the current study. From this data, thrombus formation is still likely to
occur, and, thus, risk of embolization of an attached thrombus will be highest at 100 bpm, due to
the larger shear stress generated on the bottom wall. Also reported in [126], a 600 dynes/cm2
stress threshold is needed to achieve an embolization probability of 75%. Therefore, the stress
exerted in the current study remains well below that required for potential embolization.
However, we predict the higher stresses produced in the 100 bpm case will be more likely to
cause embolization than the lower frequency cases as the flow rate is increased.

4.3 Three-dimensional Simulations

4.3.1 Backward-facing Step Studies
Three-dimensional, unsteady simulations over a backward-facing step were performed as
detailed in S3.2.1, S3.2.2.2 and S3.2.2.3. A physiological velocity waveform taken from the iliac
artery [121] was used as the inlet velocity boundary condition. A full listing of the simulations
can be found in Table 3-2. A diagram illustrating the time points sampled in the simulations is
given in Fig. 4-40, where the same percentages of the flow cycle are used for all frequencies.
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Figure 4-40: Inlet velocity waveform for the 100 bpm case, where the sampled times are marked
in red and labeled with the percentage through the cycle.

Velocity fields taken vertically in the axial direction along the centerline are produced for
the 50, 75, and 100 bpm cases for the time periods shown in Fig. 4-40, and are given in Figs. 4-42
through 4-53. Transverse velocity plots, in planes perpendicular to the main flow, were taken at
multiple locations downstream of the step (x/S = 1.6, 5.6, 11.6), and are shown in Figs. 4-54
through 4-68. The step height occurs at y/R = -0.5 for all plots. A diagram illustrating the
positions where data were extracted is given in Fig.4-41.
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Figure 4-41: The locations past the step where the shear stress values and velocities were
extracted for the simulations. The axial plane is indicated in red, the transverse planes are
indicated in blue, and the wall shear stress line is indicated in red and located along the bottom of
the centerline plane.
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Figure 4-42: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 0 % through the cycle.

78

Figure 4-43: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 10 % through the cycle.
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Figure 4-44: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 20 % through the cycle.
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Figure 4-45: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 22 % through the cycle, at the point of maximum inlet velocity.
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Figure 4-46: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 30 % through the cycle.
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Figure 4-47 Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 40 % through the cycle.
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Figure 4-48: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 50 % through the cycle.
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Figure 4-49: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 60 % through the cycle.
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Figure 4-50: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 70 % through the cycle.
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Figure 4-51: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 74 % through the cycle, at the second peak of inlet velocity.
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Figure 4-52: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 80 % through the cycle.
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Figure 4-53: Velocity vectors of the 50, 75, and 100 bpm backward-facing step cases, taken at
time t = 90 % through the cycle.
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Figure 4-54: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 10 % through the cycle.
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Figure 4-55: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 22 % through the cycle, at moment of peak inlet
velocity.
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Figure 4-56: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 40 % through the cycle.
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Figure 4-57: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 60 % through the cycle.
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Figure 4-58: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 74 % through the cycle, at the second inlet velocity
peak.

94

Figure 4-59: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 10 % through the cycle.
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Figure 4-60: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 22 % through the cycle, at moment of peak inlet
velocity.
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Figure 4-61: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 40 % through the cycle.
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Figure 4-62: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 60 % through the cycle.
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Figure 4-63: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 74 % through the cycle, at second inlet velocity
peak.
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Figure 4-64: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 10 % through the cycle.
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Figure 4-65: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 22 % through the cycle, at moment of peak inlet
velocity.
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Figure 4-66: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 40 % through the cycle.
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Figure 4-67: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 60 % through the cycle.
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Figure 4-68: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
open, backward-facing step cases, at time t = 74 % through the cycle, at second inlet velocity
peak.
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During accelerating flow early in the cycle (0 – 22%, Figs. 4-42 through 4-45), a single
recirculation region is seen downstream of the step along the bottom wall. During this stage, the
transverse plots at x/S = 1.6 (Figs. 4-54 and 4-55) show counter-rotating vortices on either side of
the centerline in the recirculation region, with transverse velocities reaching 0.042 m/s. We
predict the centerline at z/R = 0 in this recirculation zone is the region most likely to initiate
thrombus growth, with the thrombus then spreading into the width of the channel as it increases
in size. During the period of maximum inlet velocity at the end of this stage (22%, Fig. 4-45), the
bulk flow reaches peak velocities of 0.9 m/s, 50% larger than the inlet velocity at its maximum
(0.6 m/s) and the largest seen throughout the cycle.
Vortices can be seen forming along the jet-recirculation interface as the inlet-velocity
waveform begins to decrease in magnitude at 30% through the cycle, as in Fig. 4-46. Counterrotating to the main recirculation zone, a small area of recirculation appears during this stage at
x/S = 0.25 along the bottom wall, and persists throughout most of the remainder of the cycle, only
disappearing at 80% through the cycle (Fig. 4-52), likely due to momentary stabilization from the
flow acceleration from the second inlet velocity peak. The transverse maps also begin to show
more substantial secondary flow that is symmetric about the centerline and again approaching
0.042 m/s. The vortices grow in size and occupy the entire channel’s height at 60% through the
cycle, as in Fig. 4-49, and the transverse maps continue to show substantial secondary flow
patterns, especially further downstream from the step, as in Fig. 4-67 at x/S = 11.6. The axial
velocities during this time are at their lowest, with the peak velocities in the bulk flow remaining
around 0.2 m/s. The second acceleration phase of the velocity waveform from 70 – 80%
stabilizes the flow (Figs. 4-50 through 4-52), although alternating recirculation zones still visible
on the bottom and top walls cause distortions in the bulk flow. The stabilization is also seen in
the transverse planes, where the number of secondary flow vortices decreases compared to 60%
through the cycle, especially at x/S = 5.6 (Fig. 4-63).

105
Frequency has a substantial effect on the flow patterns of the cases, similar to the twodimensional simulations discussed previously. The recirculation region during flow acceleration
decreases with frequency. Also, the vortices produced during flow deceleration are the most
pronounced in the highest frequency case, as are the secondary flow patterns, such as in Fig. 4-68.
Not seen previously is an upward displacement of the jet from the wall during flow
acceleration (0 – 22%), which can be seen clearly in Fig. 4-45 (22% through the cycle) of the 100
bpm case. It is caused by vertical flow in the recirculation region. This effect is weak in the 75
bpm case and is not seen in the lowest frequency case, where the jet gradually reattaches past the
recirculation region without disturbance from the flow beneath it.
Shear stress data, shown in Figs. 4-69 through 4-80, are taken at the centerline along the
bottom wall, starting at x/S = 0 (the step) and ending at x/S = 10, for the percentages of cycle
time detailed in Fig. 4-40. A diagram showing the location of the line is given in Fig. 4-41.
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Figure 4-69: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 0 % through the cycle.
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Figure 4-70: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 10 % through the cycle.

Wall Shear Stress (dyne/cm2)

20
10
50 bpm

0
0

2

4

6

-10

8

10

75 bpm
100 bpm

-20
-30

x/S

Figure 4-71: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 20 % through the cycle.
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Figure 4-72: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 22 % through the cycle, at point of
maximum inlet velocity.
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Figure 4-73: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 30 % through the cycle.
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Figure 4-74: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 40 % through the cycle.
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Figure 4-75: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 50 % through the cycle.
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Figure 4-76: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 60 % through the cycle.
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Figure 4-77: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 70 % through the cycle.
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Figure 4-78: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 74 % through the cycle, at the second peak
of inlet velocity.
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Figure 4-79: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 80 % through the cycle.
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Figure 4-80: Wall shear stress distributions 50, 75, and 100 bpm cases with axial distance
normalized by step height. Data taken from time t = 90 % through the cycle.

As in the two-dimensional studies discussed in S4.2, the wall shear magnitude and spatial
gradient vary in the axial direction with frequency. The 100 bpm case produces maximum shear
stress, in the region where a thrombus is expected to form, of 26 dynes/cm2 at 40% through the
cycle, shown in Fig. 4-74. The stress is 30% higher than the 75 bpm case at its maximum, 10%
through the cycle (Fig. 4-70, 20 dynes/cm2) , and it is 53% higher than the lowest frequency case
of 50 bpm at its maximum, 10% through the cycle (Fig. 4-70, 17 dynes/cm2) . Furthermore,
larger spatial gradients of shear stress are produced as the frequency increases, reducing the
average length of the recirculation region and producing larger fluctuations in wall shear stress.
As we hypothesized in the two-dimensional studies, reduction of stagnant and recirculating flow
in the 100 bpm case will produce smaller thrombi than the lower frequency cases. Also, the
greater shear stresses along the wall in the 100 bpm case should help to prevent thrombus
formation more than in the lower frequency cases, due to the greater wall washing of clotting
components (Factor XII, platelets, etc.). While according to [126], the 100 bpm case is predicted
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to wash 10% more platelets than the 50 bpm case, at the current conditions, the maximum shear
stresses produced will still only succeed in removing around 30% of adhered platelets. Therefore,
this effect is expected to be more visible as the flow rate is increased.
Two-dimensional projections of contour plots of wall shear stress along the bottom
surface past the step (x/S = 0 to x/S = 18) are shown in Figs. 4-81 through 4-92. The plots were
generated at the same percentages of the flow cycle as the wall shear stress plots shown
previously and marked in Fig. 4-40.

Figure 4-81: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 0% through the cycle.

Figure 4-82: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 10% through the cycle.

Figure 4-83: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 20% through the cycle.
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Figure 4-84: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 22% through the cycle, at maximum inlet
velocity.

Figure 4-85: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 30% through the cycle.

Figure 4-86: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 40% through the cycle.

Figure 4-87: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 50% through the cycle.
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Figure 4-88: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 60% through the cycle.

Figure 4-89: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 70% through the cycle.

Figure 4-90: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 74% through the cycle, at the second inlet
velocity peak.

Figure 4-91: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 80% through the cycle.
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Figure 4-92: Contour plots of wall shear stress for the 50, 75, and 100 bpm cases along the
bottom surface downstream of the step, taken at time = 90% through the cycle.

The contour plots of wall shear stress reinforce the influence of frequency on stress
magnitude. Maximum shear stresses of 35 dyne/cm2 are generated in the 100 bpm case just
before the period of maximum inlet velocity at 20% through the cycle, shown in Fig. 4-83.
Interestingly, two symmetric regions off the central axis are the locations of the highest stress.
This is caused by the contribution of secondary flow observed in the transverse velocity plots and
not present along the centerline, where the maximum wall shear is 26 dynes/cm2, adding to the
stress from the primary flow.

4.3.2 Simulations With Attached Thrombus
Three-dimensional simulations identical to those performed in the previous section were
executed on a backward-facing step model with a reconstructed thrombus placed downstream of
the step. Greater detail of the mesh and simulations can be found in S3.2.1 and S3.2.2.2,
respectively. A list of all simulations performed on this geometry is provided in Table 3-2.
Three cases were run at different inlet velocity frequencies, corresponding to 50, 75, and
100 bpm. Plots from these simulations were made at the same time intervals as in the previous
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section and are illustrated in Fig. 4-40. A diagram of the locations where data was extracted for
the plots is given in Fig. 4-93.

Figure 4-93: Locations of data extracted for the centerline and transverse velocity plots taken
from the 50, 75, and 100 bpm attached-thrombus cases. The centerline plane is indicated in red,
and the transverse planes are indicated in blue.

Vector plots of velocity magnitude along the centerline are shown in Figs. 4-94 through
4-105. Transverse velocity plots taken at multiple axial locations downstream of the step (x/S =
1.6, 5.6, and 11.6) and in planes perpendicular to the primary flow are given in Figs. 4-106
through 4-120.
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Figure 4-94: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 0% through the flow cycle.
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Figure 4-95: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 10% through the flow cycle.
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Figure 4-96: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 20% through the flow cycle.

120

Figure 4-97: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 22% through the flow cycle, at maximum inlet velocity.
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Figure 4-98: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 30% through the flow cycle.

122

Figure 4-99: Vector plots of velocity along in the region of the attached thrombus for the 50, 75,
and 100 bpm cases, taken at time t = 40% through the flow cycle.
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Figure 4-100: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 50% through the flow cycle.
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Figure 4-101: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 60% through the flow cycle.
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Figure 4-102: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 70% through the flow cycle.
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Figure 4-103: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 74% through the flow cycle, at the second inlet velocity
peak.
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Figure 4-104: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 80% through the flow cycle.
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Figure 4-105: Vector plots of velocity along in the region of the attached thrombus for the 50,
75, and 100 bpm cases, taken at time t = 90% through the flow cycle.
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Figure 4-106: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 10 % through the cycle.
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Figure 4-107: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 22 % through the cycle, at moment of peak inlet velocity.
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Figure 4-108: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 40 % through the cycle.
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Figure 4-109: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 60 % through the cycle.
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Figure 4-110: Transverse velocity vectors at x/S = 1.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 74 % through the cycle, at second inlet velocity peak.
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Figure 4-111: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 10 % through the cycle.

135

Figure 4-112: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 22 % through the cycle, at moment of peak inlet velocity.
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Figure 4-113: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 40 % through the cycle.
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Figure 4-114: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 60 % through the cycle.
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Figure 4-115: Transverse velocity vectors at x/S = 5.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 74 % through the cycle, at second inlet velocity peak.
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Figure 4-116: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 10 % through the cycle.
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Figure 4-117: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 22 % through the cycle, at peak inlet velocity.
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Figure 4-118: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 40 % through the cycle.
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Figure 4-119: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 60 % through the cycle.
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Figure 4-120: Transverse velocity vectors at x/S = 11.6 past the step of the 50, 75, and 100 bpm
attached-thrombus cases, at time t = 74 % through the cycle.
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The velocity field in the region of the clot is substantially different than that seen in the
thrombus-free, backward-facing step simulations. The clot occupies the area that would normally
contain the recirculation region during the early stages of the inlet velocity cycle of accelerating
flow, and peak velocities up to 0.9 m/s are seen during the period of maximum inlet velocity,
shown in Fig. 4-97 (22% through the cycle). The velocities downstream of the step do not
decrease as rapidly as in the thrombus-free simulations (Fig. 4-45, 22% through the cycle)
because the presence of the thrombus effectively shrinks the cross-sectional area of the flow
domain, keeping the velocities higher. In deceleration, there are still vortical structures similar to
that seen in the simulations without the attached thrombus (Fig. 4-49, 60% through the cycle).
However, they are less pronounced, even in the highest frequency case (Fig. 4-100, 60% through
the cycle). The produced vortices are also pushed further downstream from the step in these
simulations compared to the open step, likely due to the clot’s surface acting to stabilize the flow
by providing a gradual expansion similar to a diverging nozzle. Also, the asymmetry of the
thrombus affects the secondary flow shown in the transverse maps, causing them to be skewed
off-center. This effect is shown particularly well in Fig. 4-110. Again, like the previous
simulations, the highest frequency case produces vortices and secondary flow with the highest
velocities in the flow deceleration period, with magnitudes of 0.2 m/s and 0.042 m/s, respectively.
Also of interest is a substantial reversal of flow along the clot’s surface during the middle range
of the cycle (40 – 60% of cycle), with magnitudes up to 0.2 m/s, shown in Figs. 4-99 through 4101. This reversed flow pushes up into the primary region, likely initiating the vortical structures
seen during the later stages of the cycle (70 – 90% of cycle), in Figs. 4-102 through 4-105.
Recirculation regions along the top of the channel during deceleration are not seen in these
simulations (Fig. 4-101, 60% through the cycle), unlike in the thrombus-free simulations (Fig. 449, 60% through the cycle). This again is likely due to the clot providing a measure of flow
stabilization by reducing the abruptness of the expansion.
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Wall shear stress contour plots were created along the clot’s surface for x/S = 0 to 11.5
for the sampled times, and are shown in Figs. 4-121 through 4-132.

Figure 4-121: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 0% through the flow cycle.

Figure 4-122: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 10% through the flow cycle.

Figure 4-123: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 20% through the flow cycle.
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Figure 4-124: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 22% through the flow cycle, at maximum inlet velocity.

Figure 4-125: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 30% through the flow cycle.

Figure 4-126: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 40% through the flow cycle.

Figure 4-127: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 50% through the flow cycle.
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Figure 4-128: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 60% through the flow cycle.

Figure 4-129: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 70% through the flow cycle.

Figure 4-130: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 74% through the flow cycle, at the second inlet velocity peak.

Figure 4-131: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 80% through the flow cycle.
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Figure 4-132: Wall shear stress contour plot of the clot’s surface for the 50, 75, and 100 bpm
cases, taken at time t = 90% through the flow cycle.
From the shear stress contour plots, the greatest shear stresses along the clot’s surface
correspond with the time of maximum inlet velocity (Fig. 4-124, 22%), and are around 50
dynes/cm2. In addition, the frequency of the inlet waveform affects the magnitude of the shear
forces experienced by the thrombus. Like the two-dimensional and three-dimensional studies of
the previous sections, wall shear stress magnitude is larger at higher frequencies. The clot
experiences maximum shear stresses substantially higher than in the open, three-dimensional
cases, due to the clot’s presence shrinking the effective orifice area and increasing the velocity of
the fluid. Shear stresses 43% larger than the 100 bpm open case were experienced just prior to
the period of maximum inlet velocity (Fig. 4-123, 20% through the cycle), and are on the order of
50 dynes/cm2 compared to 35 dynes/cm2 in the open 100 bpm case (Fig. 4-83, 20% through the
cycle). However, shear stresses of this order of magnitude are not out of the normal range of
values seen in arteries physiologically [43]. Also, as discussed previously, maximum shear
stresses of 600 dynes/cm2 are considered necessary to achieve a 75% probability of embolization
[126]. Considering this, embolization is not likely to occur at these conditions. However, the
areas of the clot’s surface most susceptible to shear-induced embolization are located in surfaces
rapidly changing in the vertical direction. Of particular interest in the reconstructed thrombus are
its trailing edge and protruding center. They experience the largest shear stresses over the greatest
areas and are most susceptible to embolization. As the flow rate increases beyond the current
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average Reynolds number of 1000, these areas of the clot will have the highest propensity for
embolization and will warrant the most attention when studying embolization potential.
However, since the clot’s surface complexity was artificially reduced during mesh conversion,
predictions into specific regions of susceptibility remain largely qualitative.
Even though embolization-producing magnitudes of stress are not achieved at the current
conditions, sub-embolization stresses can still affect the thrombus. Creep from prolonged
exposure to the shear stresses generated at the current conditions can slowly deform the
thrombus, and this is most likely to occur in the 100 bpm case, due to the larger surface area of
high shear. The shear stress is mostly concentrated in the central and tail regions mentioned
previously, and should act to elongate and smooth the clot over time. This could then lead to a
more balanced distribution of stress along the clot’s surface and a lower propensity for
embolization. At still higher stresses, inelastic deformation could occur, causing permanent
topographic change at a faster rate than caused by creep. The nonlinear, viscoelastic, mechanical
properties of a thrombus have been characterized mathematically for clots formed under different
conditions [127, 128]. Implementing such a model in future CFD simulations will allow us to
quantify the stress values at which inelastic deformation will occur. Again, we predict this effect
to be more likely seen in the 100 bpm case for the same reasons as mentioned for creep.
Finally, as the flow rate continues to increase and the shear stress approaches 600
dynes/cm2, the central and tail regions of the thrombus will likely embolize first. We predict the
100 bpm case will be most likely to produce emboli, and those created will be largest in volume
due to the larger surface area upon which the forces are exerted.
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Chapter 5

CONCLUSION
The purpose of this study was to better understand the fluid dynamic effects contributing
to thrombosis and thromboembolization in regions of separated flow. An experimentally formed
thrombus was produced in an in vitro flow loop consisting of a backward-facing step to produce a
separation region. Using MRI, a three-dimensional reconstruction of the formed thrombus was
then generated for use in computational fluid dynamics simulations. To study the effect of
Strouhal number on the flow, three frequencies were chosen for the inlet-velocity waveforms
used in the simulations, corresponding to rates of 50, 75, and 100 beats per minute. Twodimensional studies of the backward-facing step flow were performed at these frequencies using a
sinusoidal inlet-velocity waveform at an average upstream Reynolds number of 525. Threedimensional studies, with and without the reconstructed thrombus, were also run at the same
frequencies to observe the clot’s effects on the flow, using an inlet-velocity waveform taken from
a human iliac artery to simulate physiologic conditions.
The frequency of the inlet-velocity waveform had a substantial effect on the flow field
and shear stress distributions in the separation region for both the two-dimensional and threedimensional simulations. Shear stresses up to 53% greater were seen in the 100 bpm case
compared with the 50 bpm case. In the studies with the included thrombus, larger areas of high
wall shear stress (~ 50 dyne/cm2) were seen in the 100 bpm case compared with the 75 and 50
bpm cases. Frequency also had an effect on the recirculation regions produced due to the flow
separation. During flow acceleration, the 100 bpm case had reduced reattachment lengths
compared to the lower frequency cases. Additionally, the jet formed from the sudden expansion
showed more interference from the recirculation region in the 100 bpm case, with the
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recirculating flow pushing the jet upwards into the bulk flow. In the 75 bpm case, this effect was
less pronounced, and in the 50 bpm case it was not visible. Also, during the late stage
deceleration, the 100 bpm case showed the largest amount of vortical structures and secondary
flow, with more pronounced recirculation regions forming through the entire expanse of the
channel, compared to the 75 and 50 bpm cases. From the flow analyses in the open channel at the
current flow conditions, formed clots will likely be smaller in size in the 100 bpm case, due to the
smaller volume of the recirculation region compared to the 75 and 50 bpm cases. Also, more
substantial wall washing in the 100 bpm case, caused by the higher shear stresses produced,
should act to reduce the amount of adhered clotting components along the bottom wall by 10%
over the 50 bpm case. While clots are still expected to form at the current flow conditions, the
100 bpm case should be less susceptible to thrombosis than the lower frequency cases, especially
as the flow rate is increased.
The attached thrombus was shown to delay the onset of flow separation in the backwardfacing step geometry by forming a more gradual expansion. It also caused vortical structures
with less intensity to form further downstream from the step than the open, backward-facing step
simulations. However, up to 43% larger shear stress magnitudes were generated over the clot’s
surface compared to the simulations without the clot, with the 100 bpm case having the largest
regions of high stress. This could lead to greater risk of embolization of the thrombus, especially
at higher Reynolds number flows than that of the current study, where shear stresses on the order
of the embolization threshold (600 dynes/cm2) are produced. Creep and inelastic deformation are
also more likely to occur for the 100 bpm case than for the lower frequency cases for these same
reasons.
From this study, we conclude that the frequency of the velocity-inlet, and thus, the heart
rate of the patient, can have an effect on both the velocity field and surface stress in regions of
flow separation. We have also shown that future research into both in vitro and computational
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fluid dynamics simulations of separation-related thrombosis must not overlook Strouhal number
as an important parameter affecting the flow field.
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